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DETERMINATION ANP/OR CONTROL OF REACTOR 
ENVIRONMENTAL CONPITJONS 

BACKGROUND 

5 Field of the Invention 

The present invention generally relates to chemical, biological, and/or biochemical 
reactor chips and other reaction systems such as microreactor systems. 

Description of the Related Art 

10 A. wide variety of reaction systems are known for the? production of products of" 

chemical and/or biochemical reactions. Chemical plants involving catalysis, biochemical 
fermenters, pharmaceutical production plants, and a host of other systems are well-kno^n. 
Biochemical processing may involve the use of a live microorganism (e.g., cells) to produce 
a substance of interest. 

15 Cells are cultured for a variety of reasons. Increasingly, cells are cultured for 

proteins or other valuable materials they produce. Many cells require specific conditions, 
such as a controlled environment. The presence of nutrients,, metabolic gases such as 
oxygen and/or carbon dioxide, humidity, as well as other factors such as temperature, may 
affect cell growth. Cells require time to grow, during which favorable conditions must be 

20 maintained. In some cases, such as with particular bacterial cells, a successful cell culture 
may be performed in as little as 24 hours. In other cases, such as with particular 
mammalian cells, a successfiil culture may require about 30 days or more. 

Typically, cell cultures are performed in media suitable for cell growth and 
containing necessary nutrients. The cells are generally cultu-xed in a location, such as aji 

25 incubator, where the enviromnental conditions can be controlled. Incubators traditiona.lly 
range in size fi-om small incubators (e.g., about 1 cubic foot> for a few cultures up to an 
entire room or rooms where the desired environmental conditions can be carefully 
maintained. 

Recently, as described in Ixitemational Patent Application Serial No. 
30 PCT/USOl/07679, published on September 20, 2001 as WO 01/68257, entitled 

'TMicroreactors," incorporated herein by reference, cells hav^ also been cultured on a v«ry 
small scale (i.e., on the order of a few milliliters or less), so -that, among other things, many 
cultures can be performed in parallel. 
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SUMMARY OF TBDE INVENTION 
The present invention generally relates to chemical, biological, and/or biochemical 
reactor chips and other reaction systems such as inicroreactor systems. The subject matter 
of this invention involves, in some cases, interrela.ted products, alternative solutions to a 
particular problem, and/or a pliu^ity of different xises of one or more systems and/or 
articles. 

In one aspect, the invention is an apparatus. The apparatus, in one set of 
embodiments, includes a. chip comprising a predetermined reaction site having a volimie of 
less than about 1 ml. In one embodiment, the apparatus also includes an actix^e control 
system able to control an environmental factor associated with the chip in restponse to a 
signal indicative of a condition associated with the chip, so as to support a liv^ing cell withm 
the predetermined reaction site. The apparatus, in. another embodiment, includes a control 
system able to control an environmental factor associated with the predetermined reaction 
site, the envkonmental factor being at least one of relative humidity, pH, dissolved O2 
concentration, dissolved CO2 concentration, and concentration of a media component. 

According to another embodiment, the apparatus may include a control system able 
to produce a change in a first environmental fectar associated with the predetermined 
reaction site within 1 s of and responsive to a chaxige in a second environmental factor 
associated with the predetermined reaction site. In still another embodunent, the apparatus 
may include an active control system able to control an envhonment within tlie 
predetermined reaction site so as to support a living cell for a period of at least 1 day. In yet 
another embodiment, the apparatus includes a mexnbrane substantially transparent to 
incident electromagnetic radiation in the infrared to ultraviolet range having a pore size less 
than 2.0 microns in fluid, communication with the predetermined reaction site. 

According to another embodiment, the apparatus also includes a component 
separating the predetermined reaction site from a source of a non-pH-neutral composition. 
In still another embodiment, the apparatus can mclude a precursor able to react to form a 
gaseous agent able to sutstantiaily alter the pH of* a substance within the predetermined 
reaction site, where the chip is arranged to allow gaseous non-liquid transport of the agent 
to the predetermined reaction site. In yet another embodiment, the apparatus includes a pH- 
altering agwt dispensing unit integrally connected to the chip in fluid communication with 
the predetermined reaction site. The invention, in accordance with another embodiment, 
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includes a source of gas integrally connected to the chip. In another emb odiment, the 
invention includes a laser waveguide in optica.1 communication with a surface defining the 
predetermined reaction site. 

In yet another embodiment, the appara-tus includes a sensor integrally connected to 
5 the chip, where the sensor is able to deteraiine an environmental factor associated with the 
predetermined reaction site. The environmental factor is at least one of pU, a concentration 
of a dissolved gas, molarity, osmolarity, glucose concentration, glutamine concentration, 
pyruvate concentration, apatite concentration, color, turbidity, viscosity, a. concentration of 
an amino acid, a concentration of a vitamin, a ooncentration of a hormone^^ serum 

lO concentration, a concentration of an ion, shear xate, and degree of agitation. In some cases, 
the apparatus may also include an actuator integrally connected to the chip, where the 
actuator is able to alter the environmental factor. 

In another embodiment, the apparatus includes a first sensor integrally connected to 
the chip, the &st sensor able to determine at least one of temperature and pressure, and a 

15 second sensor, integrally connected to the chip, that is able to determme a second 

environmental factor. The second environmental factor, in certain cases, is at least one of 
pH, a concentration of a. dissolved gas, molarity^, osmolarity, glucose concentration, 
glutamine concentration, pyruvate concentration, apatite concentration, color, turbidity, 
viscosity, a concentration of an amino acid, a concentration of a vitamin, a concentration of 

20 a hormone, serum concentration, a concentration of an ion, shear rate, and degree of 

agitation. In some cases, the apparatus may also include an actuator integrally connected to 
the chip able to alter at least one of tihe temperatxire, the pressure, and the envirormiental 
factor. 

The apparatus, according to another embodiment of the invention, naay mclude a 
25 sensor able to determine an environmental factor associated with at least 0ft.e of the 

predetermined reaction sites. The environmental factor may be at least one of the CO2 
concentration, glucose concentration, glutamine concentration, pyruvate concentration, 
apatite concentration, serum concentmtion, a concentration of a vitamin, a c^oncentration of 
an amino acid, and a corxcentration of a hormone . 
30 In another set of embodunents, the apparatus includes a chip comprising a 

predetermined reaction site having an inlet, an outlet, and a volume of less tlian about 1 ml. 
The predetermined reaction site constructed and arranged to maintain at least one living cell 
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at the predetermined reaction site. In some cases, the chip is constructed ^nd arranged to 
stably connect in a predetermined, aligned rela-tionship to other, similar chaips. 

In one set of embodiments, the apparatus includes a chip comprising a 
predetermined reaction site having an inlet, an outlet, and a volume of less than about 1 ml, 
5 where the chip is constructed and arranged to be stably connectable to a iraicroplate. The 
apparatus, in accordance with another set of enabodiments, includes a chip comprising a 
predetermined reaction site having an inlet, an outlet, and a volume of less than about 1 ml, 
where the chip is constructed and arranged to be fluid commimicable with, an apparatus 
constructed and arranged to address a well of a microplate. In yet another set of 

1 0 embodiments, the apparatus includes a chip comprising a predetermined reaction site having 
an mlet, an outlet, and a volume of less than ab out 1 ml, where each prede-termined reaction 
site overlaps at least one well of a microplate. The apparatus, in still another set of 
embodiments, includes a substantially liquid-tight chip comprising a predetermined reaction 
site having a volume of less than about 1 ml, wliere the predetermined reaotion site is 

1 5 constructed and arranged to maintain at least one living cell at the predeteirmined reaction 
site. 

The apparatus, in one set of embodiments, is defined, at least in pajrt, by a chip 
produced by a process including the step of fastening two components to produce a portion 
of the chip defining a predetermined reaction site having a volume of less ^an about 1 ml, 

20 where the predetermined reaction site is constrcicted and arranged to maintain at least one 
living cell at the predetermined reaction site. The apparatus, in another set: of embodiments, 
includes a chip comprising a predetermined rea<tion site having a volume of less than about 
1 ml, where the predetermined reaction site constructed and arranged to maintam at least 
one living cell at the predetermined reaction site, and the predetermined reaction site has a 

25 nonzero evaporation rate of less than about 100 microliters/day. 

According to another set of embodiments, the apparatus includes a predetermined 
reaction site having a volume of less than about 1 ml, that is constructed aod arranged to 
carry out a chemical or biological reaction pronraoted by or monitored by eLectromagnetic 
radiation within a predetermined wavelength range, and a membrane, transparent to 

3 O electromagnetic radiation within the predetermiaied wavelength range to th -e extent 

necessary to promote or monitor the reaction, having a pore size of less fhaji 2.0 microns in 
fluid conununication with the predetermined reaction site. 
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In accordance with another set of embodiments, the apparatus is d&fined, at least in 
part, by a chip comprising a first predetermined reaction site having a volttnie of less than 
about 1 ml and a second predetermined reaction site, where the chip defines a pathway 
fluidly connecting the first predetermined reaction site and the second precietermined 
5 reaction site, and where the pathway crosses a membrane. 

The apparatus, in one set of embodiment, includes a reaction site having a first 
portion and a second portion separated by a nxembrane, and at least a first and a 

second channel in flixidic commimication with the second portion of the reaction site. 

The invention is a method in another aspect. The method, in one set of 
10 embodiments,' includes an act of permeating a_ pH-altering agent into a predetermined 
reaction site having a volume of less than aboxit 1 ml. According to another set of 
embodiments, the method includes at least acts of providing a chip comprising a 
predetermined reaction site having a volume of less than about 1 ml, generating an acid or a 
base proximate the predetermined reaction site, and contacting the acid or base with a 
15 substance within the predetermined reaction site to substantially alter the pH of the 

substance. In another set of embodiments, the method includes providing a chip defining at 
least one compartment, the chip further comprising a predetermined reaction site having a 
volume of less than about 1 ml, and permeabilizing a component positioned between the 
predetermined reaction site and the compartment. 
20 In accordance with one set of embodiments, the method includes producing a gas in 

a chip comprising a predetermined reaction site having a volume of less than about 1 ml by 
directing a laser at at least a portion of the chip. 

According to one set of embodiments, the invention, in a method of" producing a 
chip comprising a predetermined reaction site havinga volume of less than 1 ml, includes 
25 attaching a first component of the chip to a second component of the chip with or without 
auxiliary adhesive to produce a portion of flie chip that defines the predetermined reaction 
site. 

The method, in yet another set of embodiments, includes an act of providing a 
substrate having a surface mto which is fabricated a plurality of reaction sit^s, where at least 
30 one reaction site has a volume less than about 2 ml and is divided by a subs-tantially cell 
impermeable membrane into at least a cell culture portion containing cells and a reservoir 
portion not containing cells, where the reservoir portion is fluidly connectecJ to at least a 
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first and a second chamel febricated into the surface of the substrate. The method also 
includes acts of introducing at least one test compound into at least one of the plurality of 
reaction sites, and monitoring the effect of the test compound on cells located within the cell 
culture portion. 

5 In another aspect, the present invention is directed to a method of making one or 

more of the embodiments described herein, for example, a chip or othex reaction system, 
such as a microreactor system. In yet another aspect, the present inven-tion is directed to a 
method of using one or more of the embodiments described herein, for example, a chip or 
other reaction system, such as a microreactOT system. In still another aspect, the present 

10 invention is directed to a method of promoting one or more of the embodiments described 
herein, for example, a chip or other reaction system, such as a microreauctor system. 

In another aspect, the present invention is directed to a method of making a chip 
and/or a reactor system, e.g., as described in any of the embodiments herein. In yet another 
aspect, the present invention is directed to a method of using a chip and/or a reactor system, 

15 e.g., as described in any of the embodiments herein, for example, example. In still another 
aspect, the present invention is directed to a method of promoting a chip and/or a reactor 
system, e.g., as described in any of the embodiments herein. 

Other advantages and novel features of the invention will become apparent from the 
following detailed description of the various non-limiting embodiments of the invention 

20 when considered in conjunction with the accompanying jBgures. In cases where the present 
specification and a docmnent incorporated by reference include conflicting and/or 
inconsistent disclosure, the present specification shall control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Non-limiting embodiments of the pressent invention will be described by way of 

. example with reference to the accompanying figures, which are schema,tic and are not 
intended to be drawn to scale. In the figures^, each identical or nearly identical component 
illustrated is typically represented by a single numeral. For the purposes of clarity, not 
every component is labeled in every figure, nor is every component of each embodiment of 
30 the invention shown where illustration is not necessary to allow tliose of ordinary skill in 
the art to understand the invention. In the figures: 

Fig. 1 illustrates one embodiment of "the invention; 
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Fig. 2 illustrates an example of amicrofluidic chip for use with the invention 
including mixing, heating/dispersion, reaction, and separation units, in expanded view; 

Figs. 3A-3C illustrate various stacka-ble arrangements of chips of the invention; 

Figs. 4A-4C illustrate various energy directors for use with the invention in certain 
embodunents; 

Figs 5A and 5B illustrate a device according to one embodimeni: of the invention, 
having multiple layers; 

Fig. 6 is a block diagram of an example of a control system of the invention; 

Figs. 7A and 7B illustrate a device accordiug to another embodiment of the 
invention having a dispensing unit; 

Figs. 8A and 8B illustrate a device according to another embodiment of the 
invention where a laser is used to produce a response; 

Figs. 9A and 9B are cross sectional views of certam embodimeixts of the present 
invention; 

Figs. lOA - lOD illustrates certain nxembranes of the invention in fluid 
communication with various reaction sites. 

Fig. 11 is an illustration of the dependence of oxygen permeance on film thickness 
in one embodiment of the invention; 

Fig. 12 is a plot of oxygen transmission versus water vapor transmission for various 
membranes, including certain membranes used m the invention; 

Fig. 13 is a graph of pH versus relativ^e intensity, in accordance with one 
embodiment of th.e invention; 

Fig. 14 IS a graph of optical density Arersus time, demonstrating oontrol of an 
envuronmental factor according to an embodiment of the mvention; 

Fig. 15 illustrates one embodiment of the invention, showing a light interaction with 
a reaction site; 

Fig. 16 illustrates the change of a pH indicator with respect to tkne in an 
embodiment of the invention; 

Figs. 17A and 17B (expanded) illustrate portions of various chips according to one 
embodiment of the invention; 

Figs. 18A and 18B illustrate expanded views of portions of various chips according 
to another embodiment of the invention; 
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Fig. 19 illustrates an expanded view of a portion of a chip according to yet another 
embodiment of the invention; 

Fig. 20 is a graph illustrating oxygen permeability for an embodiment of the 
mvention as used in a bacterial culture; 
5 Fig. 21 is a graph illustrating oxygen, permeability for an embodiment of the 

invention as used in a mammalian cell culture; 

Fig. 22 illustrates another embodiment of the mvention having a waveguide; 

Fig. 23 is a graph of intensity (in relative units) versus relative concentration, in an 
embodunent of the invention; 
10 Fig. 24 is a graph of optical density at 480 nm versus time in an experiment using an 

embodiment of the invention; 

Fig. 25 illustrates a solid substrate having a reaction site and channels, in accordance 
with one embociiment of the invention; 

Figs. 26^-26E illustrate various views of the embodiment illi:istrated in- Fig. 25; and 
15 Figs. 27^ and 27B illustrate microfa.bricated bioreactors in accordance with various 

embodiments o jf the invention. 



DETAILED DESCRIPTION 

The following applications are incorporated herein by reference: U.S. Provisional 
20 Patent Application Serial No. 60/282,741, filed April 10, 2001, entitled "Microfermentor 
Device and Cell Based Screening Method," by Zarur, et al ; U.S. Patent Application Serial 
No. 10/1 19,91 7^ filed April 10, 2002, entitled "Microfermentor Device and Cell Based 
Screening Meth.od," by Zarur, et aL; International Patent Application No. 
PCT/US02/1 1422, filed April 10, 2002, entitled "Microfermentor De-vice and Cell Based 
25 Screening Methiod," by Zarur, et al ; U.S. Provisional Patent Applica.tion Serial No. 

60/386,323, filed June 5, 2002, entitled "Materials and Reactors having Humidity and Gas 
Control," by Radgers, et aL; U.S. Provisional Patent Application Serial No. 60/386,322, 
filed June 5, 20O2, entitled "Reactor Having Light-Interacting Component," by Miller, et 
aL; U.S. Patent Application Serial No. 10/223,562, filed August 19, 2002, entitled "Fluidic 
30 Device and Cell-Based Screening Method," by Schreyer, et aL; U.S. Provisional Patent 
Application Serial No. 60/409,273, filed September 24, 2002, entitled "Protein Production 
and Screening Methods," by Zarur, et al; U.S. Patent Application Serial No. 10/457,048, 
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filed June 5, 20O3, entitled "Reactor Systems Responsive to Internal Conditions," by Miller, 
et aL; U.S. Patent Application Serial No. 1 0/456,934, filed June 5, 2O03, entitled "Systems 
and Methods for Control of Reactor Environments," by Miller, et aL; U.S. Patent 
Application Serial No. 10/456,133, filed June 5, 2003, entitled "Microreactor Systems and 
5 Methods," by Rodgers, et al ; U.S. Patent Application Serial No. 1 0/457,049, filed June 5, 
2003, entitled "Materials and Reactor Systems having Hxxmidity and Gas Control," by 
Rodgers, et al ; an International Patent Application, filed June 5, 200 3, entitled "Materials 
and Reactor Systems having Humidity and Gas Control," by Rodgers-, et aL; U.S. Patent 
Application Serial No. 10/457,015, filed June 5, 2003, entitled "Reactor Systems Having a 

10 Light-Interacting Component," by Miller, er aL; an International Patent Application, filed 
June 5, 2003, entitled "Reactor Systems Hax^ing a Light-Interacting Component," by Miller, 
et aL; U.S. Patent Application Serial No. 10/457,017, filed June 5, 2003, entitled "System 
and Method for Process Automation," by Rodgers, et aL; and U.S. Patent Application 
Serial No. 10/45 6,929, filed June 5, 2003, entitled "Apparatus and Method for Manipulatmg 

15 Substrates," by JZarur, et aL 

The present invention generally relates to chemical, biological, and/or biochemical 
reactor chips and other reaction systems suoli as microreactor systems, as well as systems 
and methods for constructing and using such devices. In one aspect, a chip or other reaction 
system may be constructed so as to promote cell growth within it. In certain embodiments, 

20 the chips or other reaction systems of the invention include one or more reaction sites. The 
reaction sites can be very small, for example, with a volume of less than about 1 ml. In one 
aspect of the invention, a chip is able to detect, measure and/or control an environmental 
factor such as the temperature, pressure, CO2 concentration, O2 concentration, relative 
humidity, pH, etc. associated with one or more reaction sites, by using one or more sensors, 

25 actuators, processors, and/or control systems. In another aspect, the pxesent invention is 
directed to materials and systems having humidity and/or gas control, for example, for use 
with a chip. Such materials may have high oxygen permeability and/or low water vapor 
permeability. The present invention, in still another aspect, generally relates to light- 
interacting components suitable for use in chiips and other reactor systems. These 

30 components may include waveguides, optical fibers, light sources, photodetectors, optical 
elements, and the like. 
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Referring now to Fig. 1, one portion of a chip according to one embodiment is 
illustrated schematically. The portion illustrated is a layer 2 which includes within it a 
series of void spaces which, when layer 2 is positioned between two layers (a top and 
bottom layer relative to the plane of Fig. 1, not shown) define a serie s of enclosed channels 
5 and reaction sites. The overall arrangement into which layer 2 can be assembled to form a 
chip will be understood more clearly from ttie description below with respect to other 
figures. 

Fig. 1 represents an embodiment including six reaction sites 4 (analogous to, for 
example, reaction site 125 of Fig. 3 A, or reaction site 112 of Fig. 5A-. described below). 

10 Reaction sites 4 define a series of generally aligned, elongated, rouncfled rectangular voids 
within a relatively thin, generally planar piece of material defining la-^^er 2. Reaction sites 4 
can be addressed by a series of channels including channels 6 for delivering species to 
reaction sites 4 and chaimels 8 for removal of species from the reaction sites. Of course, 
any combination of channels can be used to deliver and/or remove species from the reaction 

15 sites. For example, channels 8 can be used to deliver species to the reaction sites while 
chaimels 6 can be used to remove species, etc. Although shown as lixies in Fig. 1, channels 
6 and 8 are to be landerstood to define voids Avithin layer 2 which, wlren covered above 
and/or below by other layers, may become enclosed channels. Each of chaimels 6 and 8, in 
the embodiment illustrated in Fig. 1, is addressed by a port 9. Where port 9 is connected to 

20 an inlet channel it can define an inlet port, and where fluidly connected to an outlet channel 
it can define an outlet port. In the embodiment illustrated, port 9 is a void that is larger in 
width than the width of channels 6 or 8. Those of ordinary skill in the art will recognize a 
variety of techniques for accessing ports 9 and utilizing them to introcduce species into 
channels, and/or remove species from channels addressed by those ports. As one example, 

25 port 9 can be a "self-sealing" port, addressable by a needle (as described more fully below) 
when at least one side of port 9 is covered by a layer (not shown) of material which, when a 
needle is inserted through the material and w^ithdrawn, forms a seal generally impermeable 
to species such as fluids introduced into or removed from the chip via, the port. 

Also shown in Fig. 1 are a series of ports 15, not shown to be ifluidly connected or 

30 connectable to any inlet channels, outlet channels, or reaction sites of the chip. Ports 15 can 
be defined by voids in layer 2, and can be used to facilitate fluidic connection between and 
among various layers of a chip and/or an environment external to the chip. As an example. 
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where layer 2 forms part of a multi-layer chip iaclxidmg multiple reaction sites in different 
layers, another layer may be provided on one side of layer 2 (optionally separated by an 
intermediate layer or layers) including one set of reaction sites or conduits, and another 
layer may be provided on the opposite side of layesr 2, similarly separated by intermediate 
5 layers if desirable, and ports 15 may defme passages or routes for fluidic connection 

between reaction sites ajid/or conduits of chip lay&xs on opposite sides of lay^er 2. Ports 15 
also may connect to channels communicating with, a chamber aligned with a. chamber 
defining reaction site 4, separated from the reactioxi site by a membrane, e.g, semipermeable 
membrane. In this way, fluid can be independently flowed into, out o^ and/or through a 

10 space on one side of a membrane, and also independently through a space on the other side 
of the membrane, one or both defining a chamber and/or reaction site. 

In Fig. 1, each reaction site 4, along with thie associated fluidic conn&ctions (e.g., 
channels 6 and 8, ports 9 and ports 15), together define a reactor 14, as indicated by dotted 
lines. In Fig. 1, layer 2 contains six such reactors, each reactor having substantially the 

15 same configuration. In other embodiments, a reactor may include more than one reaction 
site, channels, ports, etc. Additionally, a chip layer may have reactors that do not 
substantially have the same configuration. 

Additionally shown in Fig. 1 is a series of devices 16 which can be used to secure 
layer 2 to other layers of a chip and/or to assure alignment of layer 2 with otbier layers 
. 20 and/or other systems to which the chip is desirably coupled. Devices 16 can define screws, 
posts, indentations (i.e., that match corresponding protrusions of other layers or devices), or 
the like. Those of ordinary skill in the art are aware of a variety of suitable techniques for 
securing layers to other layers and/or chips of the iovention to other components or systems 
using devices such as these. 

25 A variety of definitions are now provided w^liich will aid in understanding of the 

invention. FoUowmg, and interspersed with these definitions, is further disclosure, 
including descriptions of figures, that will fiilly desoribe the invention. Components shown 
in the figures that follow can generally be used in conjunction with layer 2 or Fig. 1 . It is to 
be understood that in Fig. 1, and in all of the other figures, the arrangement of reaction sites, 

30 number of reaction sites, arrangement of channels a-ddressing reaction sites, p orts, and the 
like are merely given as examples that fall within thie overall invention. 
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The term "determining," as used herein, generally refers to the measuirement and/or 
analysis of a substance (e.g., within a reaction site), for example, quantitative ly or 
qualitatively, or the detection of the presence or absence of the substance. "Determining" 
may also refer to the measurement and/or analysis of an interaction between trwo or more 
substances, for example, quantitatively or qualitatively, or by detecting the presence or 
absence of the interaction. Examples of techniques suitable for use in the uiv-ention include, 
but are not limited to, gravimetric analysis, calorimetiy, pressure or temperatuire 
measurement, spectroscopy such as infrared, absorption, fluorescence, UV/visible, FTIR 
("Fourier Transform Injfrared Spectroscopy"), or Raman; gravimetric techniques; 
ellipsometry; piezoelectric measurements; immujnoassays; electrochemical measurements; 
optical measurements sxich as optical density measurements; circular dichroisnn; light 
scattering measurements such as quasielectric light scattering; polarimetry; re=fi"actometry; 
or turbidity measurements, including nephelometry. 

A "chip," as used herein, is an integral article that mcludes one or moire reactors. 
"Integral article" means a single piece of material, or assembly of components integrally 
connected with each other. As used herein, the term "integrally connected," when referring 
to two or more objects, means objects that do not become separated from each other during 
the course of normal use, e.g., cannot be separated manually; separation requiires at least the 
use of tools, and/or by causing damage to at least one of the components, for example, by 
breaking, peeling, etc. (separating components fa.stened together via adhesives, tools, etc.). 

A chip can be connected to or inserted into a larger framework definin_g an overall 
reaction system, for example, a high-throughput system. The system can be (LejBned 
primarily by other chips, chassis, cartridges, cassettes, and/or by a larger machme or set of 
conduits or channels, sources of reactants, cell types, and/or nutrients, inlets, outlets, 
sensors, actuators, and/or controllers. Typically, the chip can be a generally flat or planar 
article (i.e., having one dimension that is relatively small compared to the other 
dunensions); however, in some cases, the chip can be a non-planar article, for- example, the 
chip may have a cubical shape, a curved surface, a solid or block shape, etc. 

As used herein, a "membrane" is a three-caimensional material having any shape 
such that one of the dimensions is substantially smaller than the other dimensions. In some 
cases, the membrane may be generally flexible or non-rigid. As an example, a membrane 
may be a rectangular or circular material with a length and width on the order of 
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millimeters, centimeters, or more, and a thickaess of less than a millimeter^ and in some 
cases, less than lOO microns, less than 10 microns, or less than 1 micron or less. The 
membrane may define a portion of a reaction site and/or a reactor, or the membrane may be 
used to divide a reaction site into two or more portions, which may have volmnes or 
5 dimensions which are substantially the same or different. Some membranes may be 
semipermeable menxbranes, which those of orc^inary skill in the art will recognize to be 
membranes penneable with respect to at least one species, but not readily permeable with 
respect to at least one other species. For example, a semipermeable membr-ane may allow 
oxygen to permeate across it, but not allow watier vapor to do so, or allows -water vapor to 

10 permeate it, but at a permeability that is at leas-fc an order of magnitude less. Or a 

semipermeable membrane may be selected to' allow water to permeate across it, but not 
certain ions. For example, the membrane may be permeable to cations and substantially 
impermeable to anions, or penneable to anions, and substantially impermeafcle to cations 
(e.g., cation exchange membranes and anion exchange membranes). As another example, 

15 the membrane may be substantially impermeable to molecules having a niolecular weight 
greater than about 1 kilodalton, 10 kilodaltons, or 100 kilodaltons or more. In one 
embodiment, the membrane may be impermeable to cells, but be chosen to be permeable to 
varied selected substances; for example, the membrane may be permeable to nutrients, 
proteins and other molecules produced by the crells, waste products, or the like. In other 

20 cases, the membrane may be gas impermeable. Some membranes are transparent to 

particular light (e.g. infrared, UV, or visible li^ht; light of a wavelength with which a device 
utilizing the membrane interacts; visible light idf not otherwise mdicted). WTiere a 
membrane is substantially transparent, it absorbs no more than 50% of light, or in other 
embodiments no more than 25% or 10% of lighit, as described more fiilly herein. In some 

25 cases, a membrane may be both semipermeable and substantially transparent. The 
membrane, in one embodiment, may be used to divide a reaction site constmcted and 
arranged to support cell culture from a second portion, for example, a reservoir. For 
example, a reaction site may be divided into tluree portions, four portions, ox five portions. 
For instance, a reaction site may be divided into a first cell culture portion and a second cell 

30 culture portion flanking a first reservoir portion and two additional reservoix portions, one 
of which is separated by a membrane from the dtirst cell culture portion and the other of 
which is separated by a membrane from the second cell culture portion. Of" course, those of 
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ordinary skill ia the art will be able to design other arrangements, having varying numbers 
of cell culture portions, reservoir portions, and the like, as further described below. 

As used herein, a "substantially transparenf * material (for example, a membrane) is 
a material that allows electromagnetic radiation to be transmitted through the material 
without significant scattering, such that tlxe intensity of electromagtietic radiation 
transmitted through the material is suflScient to allow the radiation to interact with a 
substance on the other side of the material, such as a chemical, biochemical, or biological 
reaction, or a cell. In some cases, the material is substantially transparent to incident 
electromagnetic radiation ranging between the mfrared and ultraviolet ranges (including 
visible light) and, in particular, between wavelengths of about 400 - 41 0 nm and about 
1,000 nm. In some cases, the material may be transparent to electromagnetic radiation 
between wavelengths of about 400-410 nm and about 800 nm, and in. some embodhnents, 
the material may be substantially transparent to radiation between wavelengths of about 450 
nmandTOOnm. The substantially transparent material may be able to transmit 
electromagnetic radiation in some cases such that a majority of the radiation incident on the 
material passes through the material unaltered, and m some embodiments, at least about 
50%, in other embodhnents at least about 75%, in other embodiments at least about 80%, in 
still other embodiments at least about 90%>, in still other embodiments at least about 95%, in 
still other embodiments at least about 979^>, and in still other embodiments at least about 
99% of the mcident radiation is able to pass through the material unaltered. In certain cases, 
the material is at least partially transparent to electromagnetic radiatioa withm the above- 
mentioned wavelength range to the extent ^lecessary to promote and/or monitor a physical, 
chemical, biochemical, and/or biological reaction occurring within a reaction site, for 
example as previously described. In other embodhnents, the material naay be transparent to 
electromagnetic radiation within the above-mentioned wavelength rang:e to the extent 
necessary to monitor, observe, stimulate and/or control a cell within the reaction site. 

As used herem, a "reactor*' is the combmation of components irtcludmg a reaction 
site, any chambers (includmg reaction chambers and ancillary chambers), chaimels, ports, 
inlets and/or outlets (i.e., leading to or from a reaction site), sensors, actuators, processors, 
controllers, membranes, and the like, whicti, together, operate to promote and/or monitor a 
biological, chemical, or biochemical reaction, intemction, operation, or experiment at a 
reaction site, and which can be part of a chip. For example, a chip may include at least 5, at 
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least 10, at least 20, at least 50, at least lOO, at least 500, or at least 1,000 or more reactors. 
Examples of reactors include chemical or biological reactors and cell culturing devices, as 
well as the reactors described in International Patent Application Seria.1 No. 
PCT/USOl/07679, published on September 20, 2001 as WO 01/68257^ incorporated herein 
by reference. Reactors can include one or more reaction sites or chamlDers. The reactor 
may be used for any chemical, biochemical^ and/or biological purpose^ for example, cell 
growth, pharmaceutical production, chemical synthesis, hazardous chemical production, 
drug screening, materials screenmg, drug development, chemical rem&diation of warfare 
reagents, or the like. For example, the reactor may be used to facilitate; very small scale 
culture of cells or tissues. In one set of embodiments, a reactor of the Invention comprises a 
matrix or substrate of a few millimeters to centimeters in size, containiaig channels with 
dimensions on the order of, e.g., tens or hundreds of micrometers. R.ea.gents of interest may 
be allowed to flow through these channels, for example to a reaction site, or between 
different reaction sites, and the reagents may be mixed or reacted in some fashion. The 
products of such reactions can be recovered, separated, and treated within the system in 
certain cases. 

As used herem, a "reaction site" is defined as a site within a reactor that is 
constructed and arranged to produce a physical, chemical, biochemical^ and/or biological 
reaction durmg use of the reactor. More thaji one reaction site may be present withm a 
reactor or a chip in some cases, for example^ At least one reaction site, at least two reaction 
sites, at least three reaction sites, at least four reaction sites, at least 5 reaction sites, at least 
7 reaction sites, at least 10 reaction sites, at least 15 reaction sites, at least 20 reaction sites, 
at least 30 reaction sites, at least 40 reaction sites, at least 50 reaction sites, at least 100 
reaction sites, at least 500 reaction sites, or at least 1,000 reaction sites or more may be 
present within a reactor or a chip. The reaction site may be defined as a region where a 
reaction is allowed to occur; for example, the reactor may be constructed and arranged to 
cause a reaction within a channel, one or moTO chambers, at the intersection of two or more 
channels, etc. The reaction may be, for example, a mixmg or a separation process, a 
reaction between two or more chemicals, a light-activated or a light-inhibited reaction, a 
biological process, and the like. In some embodiments, the reaction mary involve an 
interaction with light that does not lead to a chemical change, for example, a photon of light 
may be absorbed by a substance associated with tiie reaction site and co Jiverted into heat 
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energy or re-emitted as fluorescence. In certain embodiments, the reaction site may also 
include one or naore cells and/or tissues. Thus, in some cases, the rea-Ction site may be 
defined as a region surrounding a location where cells are to be placed within the reactor, 
for example, a cytophilic region within the reactor. 
5 In some cases, the reaction site containing cells may include a region containing a 

gas (e.g., a "gas head space"), for example^ if the reaction site is not c^ompletely filled with a 
liquid. The gas head space, in some cases, may be partially separated fi-om the reaction site, 
through use of a gas-permeable or semi-permeable membrane. In some cases, the gas head 
space may mclude various sensors for morxitoring temperature, and/or other reaction 
10 conditions. 

Many enabodiments and arrangements of the mvention are described with reference 
to a chip, or to a reactor, and those of ordinary skill in the art will recognize that the 
invention can apply to either or both. For example, a chaimel arrangement may be 
described m the context of one, but it will be recognized that the arrantgement can apply in 

15 the context of the other (or, typically, both: a reactor which is part of a chip). It is to be 

understood that all descriptions herein that are given in the context of a reactor or chip apply 
to the other, unless inconsistent with the description of the arrangement in the context of the 
definitions of "chip" and "reactor** herein. 

In some embodiments, the reaction site may be defined by geometrical 

20 considerations. For example, the reaction site may be defined as a chamber in a reactor, a 
channel, an intersection of two or more channels, or other location defined in some fashion 
(e.g., formed or etched within a substrate thiat can define a reactor andVor chip). Other 
methods of defiaing a reaction site are also possible. In some embodixnents, the reaction 
site may be artificially created, for example, by the intersection or union of two or more 

25 fluids (e.g., within one or several channels) or by constraining a fluid on a surface, for 
example, using bumps or ridges on the surface to constrain fluid flow. In other 
embodiments, the reaction site may be defined through electrical, magnetic, and/or optical 
systems. For example, a reaction site may be defined as the intersection between a beam of 
light and a fluid channieL 

30 The volume of the reaction site can be very small in certain enxbodiments. 

Specifically, the reaction site may have a volume of less than one liter^ less than about 100 
ml, les than about 10 ml, less than about 5 ml, less than about 3 ml, less than about 2 ml. 
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less than about 1 ml, less than about 500 microliters, less than aboxit 300 microliters, less 
than about 20O microliters, less than abont 100 microliters, less than about 50 microliters, 
less than about 30 microliters, less than about 20 microliters or less than about 10 
microliters in various embodiments. The reaction site may also ha-ve a volume of less than 
5 about 5 microliters, or less than about 1 microliter in certain cases. The reaction site may 
have any convenient size and/or shape. In another set of embodim-ents, the reaction site 
may have a dimension that is 500 microns deep or less, 200 microns deep or less, or 100 
microns deep or less. 

In some cases, cells can be present at the reaction site. SenLSor(s) associated with the 

10 chip or reactor^ in certain cases, may be able to determme the numl^er of cells, the density of 
cells, the status or health of the cell, the cell type, the physiology o f the cells, etc. In certain 
cases, the reactor can also maintain or control one or more enviroomental fectors associated 
with the reaction site, for example, in such a way as to support a chemical reaction or a 
living cell. In one set of embodiments, a sensor may be connected to an actuator and/or a 

15 microprocessor able to produce an appropriate change in an envuoranental factor within the 
reaction site. The actuator may be connected to an external pump, the actuator may cause 
the release of a substance from a reservoir, or the actuator may pro duce sonic or 
electromagnetic energy to heat the reaction site, or selectively kill a type of cell susceptible 
to that energy. The reactor can include one or more than one reaction site, and one or more 

20 than one sensor, actuator, processor, and/ or control system associated with the reaction 
site(s). It is to be understood that any reaction site or a sensor techiiique disclosed herein 
can be provided in combination with any combination of other reaction sites and sensors. 
As used herein, a "channel" is a conduit associated with a reactor and/or a chip 
^ (withm, leading to, or leadmg from a reaction site) that is able to tr^sport one or more 

25 fluids specifically from one location to another, for example, from an inlet of the reactor or 
chip to a reaction site, e.g., as fiirther described below. Materials (e.g., fluids, cells, 
particles, etc.) may flow through the chanmels, continuously, randoxnly, mtermittently, etc. 
The channel may be a closed channel, or a channel that is open, for example, open to the 
external environment surrounding the reactor or chip containing the reactor. The channel 

30 can include characteristics that facilitate control over fluid transpor-t, e.g., structural 
characteristics C^.g., an elongated indentation), physical/chemical c^Jharacteristics (e.g., 
hydrophobicity vs. hydrophilicity) and/or other characteristics that can exert a force (e.g., a 
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containing force) on a fluid when within the channel. The fluid within the channel may 
partially or completely fill the channel. En some cases the fluid may be held or confined 
within the channel or a portion of the channel in some fashion, for example, using surface 
tension (i.e., such that the fluid is held within the channel within a meniscus, such as a 
5 concave or convex meniscus). The channel may have any suitable cross-sectional shape 
that allows for fluid transport, for example, a square channel, a cir<;ular channel, a rounded 
channel, a rectangular channel (e.g., havioig any aspect ratio), a triangular channel, an 
irregular charrnel, etc. The channel may *be of any size within the x-eactor or chip. For 
example, the channel may have a largest dimension perpendicular to a direction of fluid 

10 flow within ttie channel of less than aboixt 1000 micrometers in soxne cases, less than about 
500 micrometers in other cases, less thaa about 400 micrometers Ln other cases, less than 
about 300 micrometers in other cases, less than about 200 micrometers in still other cases, 
less than about 100 micrometers in still other cases, or less than al>out 50 or 25 micrometers 
in still other oases. In some embodiments, the dimensions of the clhannel may be chosen 

15 such that fluid is able to freely flow through the channel, for exam3)le, if the fluid contains 
cells. The dimensions of the channel may also be chosen in certaim cases, for example, to 
allow a certain volumetric or linear flowrate of fluid within the channel. In one 
embodiment, the depth of other largest dimension perpendicular to a direction of fluid flow 
may be similar to that of a reaction site to which the channel is hi fluid communication with. 

20 Of course, the number of channels, the shiape or geometry of the channels, and the 

placement of channels within the chip can be determined by those of ordinary skill in the 
. art. 

Chips of the invention may also include a plurality of inlets and/or outlets that can 
receive and/or output any of a variety of reactants, products, and/ojr fluids, for example, 

25 directed towards one or more reactors and/or reaction sites. In sonrae cases, the inlets and/or 
outlets may allow the aseptic transfer of compounds. At least a po3-tion of the plurality of 
inlets and/or outlets may be in fluid communication with one or more reaction sites within 
the chip. In some cases, the inlets and/or outlets may also contain one or more sensors 
and/or actuators, as further described below. Essentially, the chip may have any number of 

30 inlets and/or outlets from one to tens of hnndreds that can be m fluid communication with 
one or more reactors and/or reaction sites - Less than 5 or 10 inlets and/or outlets may be 
provided to the reactor and/or reaction site(s) for certain reactions, such as biological or 
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biochemical reactions. In some cases each reactor may have around 25 inlets and/or outlets, 
in other cases around 50 inlets and/or outlets, in still other ca.ses around 75 inlets and/or 
outlets, or around 100 or more inlets and/or outlets in still other cases. 

As one example, the inlets and/or outlets of the chip^, directed to one or more 
5 reactors and/or reaction sites may include mlets and/or outlets for a fluid such as a gas or a 
liquid, for example, for a waste stream, a reactant stream, a product stream, an inert stream, 
etc. la some cases, the chip may be constructed and arranged such that fluids entering or 
leaving reactors and/or reaction sites do not substantially disturb reactions that may ber 
occurring therein. For example^ fluids may enter and/or lea-ve a reaction site without 

10 affecting the rate of reaction in a chemical, biochemical, and/or biological reaction 

occurring within the reaction site, or without disturbing and/or disrupting cells that may be 
present within the reaction site. Examples of inlet and/or outlet gases may include, bu-t are 
not limited to, CO2, CO, oxygen, hydrogen, NO, NO2, water- vapor, nitrogen, ammonia, 
acetic acid, etc. As another example, an inlet and/or outlet fluid may include liquids amd/or 

15 other substances contained therein, for example, water, saline, cells, cell culture mediuam, 
blood or other bodily fluids, antibodies, pH buffers, solvents, hormones, carbohydrates, 
nutrients, growth factors, therapeutic agents (or suspected tlierapeutic agents), antifoarDnmg 
agents (e.g., to prevent production of foam and bubbles), proteins, antibodies, and the like. 
The inlet and/or outlet fluid may also include a metabolite in some cases. A "metabolite," 

20 as used herein, is any molecule that can be metabolized by a, cell. For example, a metabolite 
may be or include an energy soiarce such as a carbohydrate or a sugar, for example, glucose, 
jftuctose, galactose, starch, com syrup, and the like. Other e:xample metabolites include 
honnones, enzymes, proteins, signaling peptides, amino acids, etc. 

The inlets and/or outlets may be formed within the cliip by any suitable technique 

25 known to those of ordinary skill in the art, for example, by htoles or apertures that are 

punched, drilled, molded, milled, etc. within the chip or withiin a portion of the chip, such as 
a substrate layer. In some cases^ the inlets and/or outlets ma.y be lined, for example, w^ith an 
elastomeric material. In certain embodiments, the inlets andVor outlets may be constru<:ted 
using self-sealing materials that may be re-usable in some cases. For example, an inle* 

30 and/or outlet may be constmcted out of a material that allow^s the inlet and/or outlet to be 
liquid-tight (i.e., the inlet and/or outlet will not allow a liquid to pass therethrough without 
the application of an external driving force, but niay admit the insertion of a needle or -other 



wo 2004/016727 



PCT/US2003/025956 



-20- 

mechanical device able to penetrate the material under certain conditions). In some cases, 
upon removal of the needle or other mechanical device, "the material may be able to regain 
its liquid-tight properties (i.e a "self-sealing" material). Non-limiting examples odf self- 
sealing materials suitable for use with the invention include, for example, polymers such as 
5 polydimethylsiloxane ('TDMS"), natural rubber, HDPE^ or silicone materials such as 
Formulations RTV 108, RTV 615, or RTV 118 (General Electric, New York, NY). 

In some embodiments, the chip of the present invention may include very small 
elements, for example, sub-millimeter or microfluidic el^ements. For example, in some 
embodiments, the chip may include at least one reaction site having a cross sectional 

10 dimension of no greater than, for example, 100 mm, 80 rnm, 50 mm, or 10 mm. In some 
embodiments, the reaction site may have a maximum cross section no greater than, for 
example, 100 mm, 80 mm, 5 O mm, or 10 mm. As used herein, the "cross section" prefers to 
a distance measured between two opposed boundaries o£ the reaction site, and the 
"maximum cross section" refers to the largest distance b<itween two opposed bounc3aries 

15 that may be measured. In other embodiments, a cross section or a maximimi cross section 
of a reaction site may be less than 5 mm, less than 2 mm-, less than 1 mm, less than 500 
micrometers, less than 300 miicrometers, less than 100 nxicrometers, less than 10 
micrometers, or less than 1 micrometer or smaller. As used herein, a "microfluidic chip" is 
a ch-ip comprising at least one fluidic element having a srab-millimeter cross sectiorx, i.e., 

20 having a cross section that is less than 1 mm. As one particular non-limiting example, a 
reaction site may have a generally rectangular shape, witii a length of 80 mm, a width of 10 
mm^ and a depth of 5 mm. 

While one reaction site may be able to hold and/or react a small volume of jQuid as 
described herein, the technology associated with the invention also allows for scalaTjility 

25 and parallelization. With regard to throughput, an array of many reactors and/or reaction 
sites within a chip, or within a plurality of chips, can be built in parallel to generate larger 
capacities. For example, a plurality of chips (e.g. at least about 10 chips, at least at>out 30 
chips, at least about 50 chipsj, at least about 75 chips, at least about 100 chips, at lea-st about 
200 chips, at least about 300 chips, at least about 500 chips, at least about 750 chips, or at 

30 least about 1,000 chips or more) may be operated in para.llel, for example, through tJie use 
of robotics, for example which can monitor or control the chips automatically. 
Additionally, an advantage may be obtained by maintaining production capacity at :the small 
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scale of reactions typically performed in the laboratory, with scale-up via parallel ization. It 
is a feature of the invention that many reaction sites may be arranged in parallel within a 
reactor of a chip and/or within a plurality of chips. Specifically, at least five reac-tion sites 
can be constructed to operate in parallel, or in other oases at least about 7, about 1 0, about 
5 3 O, about 50, about 100, about 200, about 500, about 1,000, about 5,000, about 10,000, 
about 50,000, or even about 100,000 or more reaction sites can be constructed to operate in 
parallel, for example, in a high-throughput system. In some cases, the number of" reaction 
sites may be selected so as to produce a certain quantity of a species or product, or so as to 
be able to process a certain amount of reactant. In certain cases the parallelization of the 

10 chips and/or reactors may allow many compounds to be screened simultaneously, or many 
dijfferent growth conditions and/or cell lines to be tested and/or screened simultarLCOusly. 
Of course, the exact locations and arrangement of the reaction site(s) within the reactor or 
chdp will be a function of the specific application. 

Additionally, any embodiment described herein can be used in conjunctioxi witli a 

15 collection chamber connectable ultimately to an outlet of one or more reactors and/or 
reaction sites of a chip. The collection chamber may have a volume of greater than 10 
nxilliliters or 100 milliliters in some cases. The collection chamber, in other cases, may 
have a volume of greater than 100 liters or 500 liters, or greater than 1 liter, 2 liteirs, 5 liters, 
or 10 liters. Large volumes may be appropriate where the reactors and/or reaction sites are 

20 arranged in parallel withm one or more chips, e.g., a plurality of reactors and/or reaction 
sites may be able to deliver a product to a collection chamber. 

In some embodiments, the reaction site(s) andL/or the channels in fluidic 
communication with the reaction site(s) are fi-ee of active mixuig elements. In these 
embodiments, the reactor of the chip can be constmcted in such a way as to cause 

25 turbulence in the fluids provided through the inlets anud/or outlets, thereby mbdag and/or 
delivering a mixture of the fluids, preferably without active mixing, where mixmg is 
desired. Specifically, the reactor and/or reaction site(s) may include a plurality of 
obstructions in the flow path, of the fluid that causes fluid flowing through the flow path to 
mix, for example, as shown in mixing unit 42 in Fig. 2. These obstructions can be of 

30 essentially any geometrical arrangement for example, a series of pillars. As used lerein, 
"active mixing elements" is jneant to define mixing elements such as blades, stirrers, or the 
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like, which are movable relative to the reaction sit;e(s) and/or channels thonselves, that is, 
movable relative to portion(s) of the reactor defining a reaction site a or a chaomel. 

Chips of the invention can be constructed and arranged such that they are able to be 
stacked in a predetermined, pre-aligned relationship with other, similar chips, such that the 
chips are all oriented in a predetermined way (e.g. , all oriented in the same way) when 
stacked together. Whea a chip of the invention is designed to be stacked with, other, sknilar 
chips, the chip often can be constructed and arranged such that at least a portion of the chip, 
such as a reaction site, is in fluidic communication with one or more of the other chips 
and/or reaction sites within other chips. This an-angement may fmd use in par-allelization of 
chips, as discussed herein. 

In one set of embodhnents, the chip is constructed and arranged such that the chip is 
able to be stably connected to a microplate, for example, as defined in the 2002 SPS/ANSI 
proposed standard (e.g., a microplate having dimensions of roughly 127.76 db O.50 mm by 
85.48 ± 0.50 mm). As ixsed herein, "stably conneoted" refers to systems in wlxich two 
components are connected such that a specific motion or force is necessary to ^disconnect 
the two components jfrom each other, i.e., the two components cannot be dislodged by 
random vibration or displacement (e.g., accidentally lightly bumping a component). The 
components can be stabl^' connected by way of pegs, screws, snap-fit components, matching 
sets of indentations and protrusions, or the like. A 'microplate" is also sometimes referred 
to as a "microtiter" plate^ a "microwell" plate, or other similar terms laiown to the art. The 
microplate may include any number of wells. For example, as is typically used 
commercially, the microplate may be a six-weU mioroplate, a 24-well microplate, a 96-well 
microplate, a 384-weIl nxicroplate, or a 1,536-well microplate. The wells may te of any 
suitable shape, for example, cylindrical or rectangular. The microplate may also have other 
numbers of wells and/or other well geometries or configurations, for instance, in certain 
specialized applications. 

Figs. 3 A - 3C illustrate one set of embodiments of the invention in which one or 
more reaction sites may be positioned in association with a chip such that, when the chip is 
stably connected to other chips and/or microplates, one or more reaction sites of the chip are 
positioned or aligned to be in chemical, biological, or biochemical communication with, or 
chemically, biologically, or biochemically connecta.ble with one or more reaction sites of 
the other chip(s) and/or ojie or more wells of the mioroplate(s). "Alignment," in this 
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context, can mean complete alignment, such that the entire area of the side of a reaction site 
adjacent another reactioa site or well completely overlaps the other reaction site or well, and 
vice versa, or at least a portion of the reaction sit& can overlap at least a portion of an 
adjacent reaction site or well. "Chemically, biologically, or biochemically coxmectable" 

5 means that the reaction site is in fluid communicaiion with another reaction sL-te or well (i.e.,. 
fluid is free to flow from one to the other); or is flxiidly connectable to the other site or well 
(e.g., the two are separated from each other by a wall or other component that" can be 
punctured or ruptured, or a valve in a conduit connecting the two can be opened); or the 
reaction site and other site or well are arranged such that at least some chemical, biological, 

10 or biochemical species can migrate from one to tixe other, e.g., across a semipermeable 
membrane. As examples , a chip may have sixrea.ction sites that are constmct:ed and 
arranged to be aligned with the six wells of a 6-well microplate when the chip is stably 
connected with the microplate (e.g., positioned on. top of the microplate), a chip having 96 
reaction sites may be constructed and arranged such that the 96 wells are cons-tructed and 

15 arranged to be aligned with the 96 wells of a 96-\\^ell microplate when the chip is stably 
connected with the microplate, etc. Of course, m some cases, the chip may b& constructed 
and arranged such that a single reaction site of the^ chip is aligned with more thian one 
microplate well and/or more than one other reaction site, and/or such that mor^s than one 
microplate well and/or more than one other reaction site is aligned with a single reaction site 

20 of the chip. 

Chips of the invention also may be constnxcted and arranged such that at least one 
reaction site and/or reactor of the chip is in fluid communication with, and/or chemically, 
biologically, or biochemically connectable to an apparatus constructed and arr:anged to 
address at least one well of a microplate, for exanrtple, an apparatus that can add species to 

25 and/or remove species from wells of microplates, and/or can test species withiai wells of a 
microplate. In this arrangement, the apparatus mary add and/or remove species to/from a 
reaction site of a chip, anc3/or test species at reaction sites. In this embodhnent:, the reaction 
sites typically are arranged in alignment with wells of the microplate. 

With reference to Pigs. 3A and 3B, examples are shown in which inverative chip 120 

30 may be stably connected to commercially-available microplate 123. In Fig 3 A, chip 120 
may be positioned such tbiat at least some of reaction sites 125 of chip 120 are aligned with, 
and/or connectable with aX least some of wells 127 of microplate 123 when chip 120 is 
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stably connected to microplate 123. Similarly, io Fig. 3B, chip 120 may b& constructed and 
arranged such that, when stably connected to microplate 23, at least some of reaction sites 
125 are aligned with, and/or connectable with at least a portion of wells 127 on microplate 
123. In Fig. 3C, another embodiment of the invention is shown where chips 130, 131,... 
132, are constructed and arranged such that the cliips can be stably connected to each other. 
In some cases, chips 130, 13 1, .... 132 are constructed and arranged such thuat, when stably 
connected to each other, reaction site 135 of chip 130 is aligned with one or more other 
reaction sites on other chips, for example, with reaction site 136 m chip 13L , and/or reaction 
site 137 m chip 132. 

Chips of the invention can be substantiall3^ liquid-tight in one set of embodunents. 
As used herem, a "substantially liquid-tight chip'' or a "substantially liquid-'tight reactor" is 
a chip or reactor, respectively, that is constructed and arranged, such that, w^hen the chip or 
reactor is filled with a liquid such as water, the licjuid is able to enter or leav^e the chip or 
reactor solely through defined inlets and/or outlets of the chip or reactor, regardless of the 
orientation of the chip or reactor, when the chip is assembled for use. In this set of 
embodiments, the chip is constructed and arranged such that when the chip or reactor is 
filled with water and the inlets and/or outlets sealed, the chip or reactor has an evaporation 
rate of less than about 100 microliters per day, less than about 50 microliters per day, or less 
than about 20 microliters per day. In certain cases, a chip or reactor will extubit an 
unmeasurable, non-zero amount of evaporation of water per day. The substantially liquid- 
tight chip or reactor can have a zero evaporation rate of water in other cases. 

Chips of the invention can be febricated using any suitable manufacturing technique 
for producing a chip having one or more reactorS:, each having one or multiple reaction sites, 
and the chip can be constructed out of any material or combmation of materials able to 
support a fluidic network necessary to supply and define at least one reaction site. Non- 
lunitmg examples of microfabrication processes Lnclude wet etching, chemical vapor 
deposition, deep reactive ion etching, anodic bonding, injection molding, hoi: pressing, and 
LIGA. For example, the chip may be fabricated by etching or molding silicon or other 
substrates, for example, via standard lithographic techniques. The chip may also be 
fabricated using microassembly or micromachining methods, for example, 
stereolithography, laser chemical three-dimensionLal writing methods, modular assembly 
methods, replica molding techniques, injection molding techniques, milling techniques, and 
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the like as are known by those of ordinary skill Ln the art. The chip may also be fabricated 
by patterning multiple layers on a substrate (which may be the same or different), for 
example, as further described below, or by using various known rapid prototyping or 
masking techniques. Examples of materials that can be used to form chips include 
5 polymers, silicones, glasses, metals, ceramics, iaorganic materials, and/or a combination of 
these. The materials may be opaque, semi-opaqiae translucent, or transparent, and may be 
gas permeable, semi-permeable or gas impermeable. In some cases, the chiip may be 
formed out of a material that can be etched to produce a reactor, reaction sit-e and/or 
channel. For example, the chip may comprise an inorganic material such as; a 

10 semiconductor, fiised silica, quartz, or a metal. The semiconductor materiaL may be, for 
example, but not limited to, silicon, silicon nitride, gallium arsenide, indiuni arsenide, 
gallium phosphide, indium phosphide, gallium nitride, indium nitride, other Group Ill/V 
compounds. Group HAVI compounds. Group THTV compounds. Group IV compounds, and 
the like, for example, compounds having three ox more elements. The semioonductor 

15 material may also be formed out of combination of these and/or other semic onductor 

materials known in the art. In some cases, the semiconductor material may te etched, for 
example, via known processes such as lithographiy. In certain embodiments^ the 
semiconductor material may have the from of a wafer, for example, as is commonly 
produced by the semiconductor industry. 

20 In some embodiments, a chip of the invention may be formed from or include a 

polymer, such as, but mot limited to, polyacrylate, polymethacrylate, polycar-bonate, 
polystyrene, polyethylene, polypropylene, polyvinylchloride, polytetrafluoroethylene, a 
fluorinated polymer, a silicone such as polydime-thylsiloxane, polyvinylidene chloride, bis- 
benzocyclobutene CBCB"), a polyunide, a fluorinated derivative of a polyinnide, or the like. 

25 Combinations, copolymers, or blends involving polymers including those described above 
are also envisioned. TThe chip may also be formesd from composite materials, for example, a 
composite of a polymer and a semiconductor material. 

In some embodiments, the chip, or at least a portion thereof is rigid, such that the 
chip is sufficiently sturdy in order to be handled fcy commercially-available anicroplate- 

30 handling equipment, ajid/or such that the chip does not become deformed after routine use. 
Those of ordinary skill m the art are able to seleot materials or a combination of materials 
for chip construction that meet this specification, while meeting other specifications for use 
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for which a particular chip is intended. In other embodiments, however, the chip may be 
semi-rigid or flexible. 

In certain embodiments, the chip may mclude a sterilizable material. For example, 
the chip may be sterilizable in some fashion to kill or otherwise deactivate biological cells 

5 (e.g., bacteria), viruses, etc. therein, before the cliip is used or re-used. For instance, the 
chip may be sterilized Avith chemicals, radiated (£br example, with ultraviolet light and/or 
ionizing radiation), heat-treated, or the like. Appropriate sterilization techniq^ues and 
protocols are known to those of ordinary skill in -the art. For example, in one embodiment, 
the chip is autoclavable, i.e., the chip is constructed and arranged out of materials able to 

10 withstand commonly-used autoclaving conditions (e.g., exposure to temperatnires greater 
than about 100 or about 120 **C, often at elevated pressures, such as pressxares of at least 
one atmosphere), such that the chip, after sterilization, does not substantially deform or 
otherwise become unusable. Other examples of sterilization techniques inclutde exposure to 
ozone, alcohol, pheloics, heilogens, heavy metals (e.g., silver nitrate), detergeaits, quatanary 

15 ammonium components, ethylene oxide, CO2, aldehydes, etc. In another embodiment, the 
chip is able to withstand ionizing radiation, for ocample, short wavelength, high-intensity 
radiation, such as gamma rays, electron-beams, or X-rays. In some cases, iooizing radiation 
may be produced from a nuclear reaction, e.g., from the decay of ^Co or ^"^^Cs. 

In one set of embodiments, at least a portion of the chip may be fabricated without 

20 the use of adhesive materials. For example, at least two components of a chip (e.g., two 

layers of the chip if the chip is a multi-layered stmcture, a layer or substrate of the chip and 
a membrane, two membranes, an article of the chiip and a component of a microfluidic 
system, etc.) may be fastened together without tLe use of an adhesive material. For 
example, the components may be connected by u_sing methods such as heat sealing, sonic 

25 welding, via application of a pressure-sensitive naaterial, and the like. In one embodiment, 
the components may be held in place mechanically. For example, screws, posts, 
cantilevers, matching indentations, etc. may be used to mechanically hold the chip (or a 
portion thereof) togetlier. In other embodiments, the two components of the chip may be 
joined together using techniques such as, but not limited to, heat-sealing raettiods (e.g., or 

30 more components of tbe chip may be heated to a temperature greater than th& glass 

transition temperature or the melting temperature? of the component before being joined to 
other components), or sonic welding techniques O.g., vibration energy such as sound 
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energy may be applied to one or more components of the chip, allowing the components to 
at least partially liquefy or soften) . 

In one embodiment, two components of the chip may be fastened via a heat-sesling 
method. For example, one or more components of the chip nniay be heated to a temperature 
5 greater thian the glass transition temperature or the melting temperature of the compoaent 
(i.e., temperatures at which the component softens or begins to liquefy). The components 
can be placed in contact with each other and allowed to cool to below the glass transition 
temperatxire or the melting temperature, thus allowing the components to become fastened 
together. 

10 In another embodiment, the two components can be fastened via sonic welding 

techniques. As one example, vibration energy (e.g., sound eixergy) may be applied to one or 
more components of the chip. The applied vibration energy causes the component(s), or at 
least a portion of the componentCs), to at least partially liquepy or soften. The components 
can then "be placed together. The vibration energy may then be stopped, thus allowing the 

15 componezits to become fastened together. In some cases, the components may be desired 
such that the vibration energy is able to be concentrated into certain regions of the 
component (an "energy director" region), such that only the eniergy director region of the 
component is able to liquefy under the influence of the vibration energy. For example., as 
shown in Fig. 4A (side) and Fig. 4B (top), a side view of a connponent 75 of the chip is 

20 illustrated, showing energy director region 73. When vibration energy is applied to 
component 75, a substantial fraction of the energy can be con<:entrated in the energy 
director region 73, allowing at least a portion of energy director 73 to soften or liquefy^ . The 
softened and/or liquefied region may then be connected to othier components of the chip and 
allowed to harden, thus allowing two components of the chip to be fastened together, for 

25 instance, as is shown in Fig. 4C, where component 75 has be&n fastened to component 77. 

In another set of embodiments, two or more components of the chip may be joiaied 
usmg an a.dhesive material. As used herein, an "adhesive matzerial" is given its ordinary 
meaning as used in the art, i.e., an auxiliary material able to feisten or join two other 
materials together. Non-limiting examples of adhesive materials suitable for use with the 

30 mvention include silicone adhesives such as pressure-sensitive silicone adhesives, 

neoprene-based adhesives, and latex-based adhesives. The aihesive may be applied to one 
or more components of the chip using any suitable method, for example, by applying ttie 
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adhesive to a component of the chip as a liquid or as a senai-solid material such as a 
viscoelastic solid. For example, in one embodiment, the a<ihesive may be applied to -the 
component(s) using transfer tape (e.g., a tape having adhesive material attached ther&to, 
such that, when the tape is applied to the component, the adhesive, or at least a portion of 
5 the adhesive, remains attached to the component when the tape is removed from the 

component). In one set of embodiments, the adhesive may be a pressure-sensitive adhesive, 
i.e., the material is not nonnally or substantially adhesive, hut becomes adhesive and/or 
increases its adhesive strength under the influence of presstiire, for example, a pressure 
greater than about 6 atm or about 13 atm (about 100 psi or about 200 psi). Non-limiting 

10 examples of pressure-sensitive adhesives include AR Clad 7876 (available from Adhesives 
Research, hic, Glen Rock, PA) and Trans-Sil Silicone PSA NT-100 1 (available fronx 
Djelectric Polymers, Holyoke, jMA) 

In another embodiment,, the adhesive may be applied to at least a component of the 
chip using a solvent-bonding system. In a solvent-bonding system, one or more 

15 components of the chip are placed in an environment rich in solvent vapor, i.e., the 

enviroimient that the componeixt(s) is placed in is saturated or supersaturated with a solvent, 
such that the solvent is able to condense onto the componexit(s) placed within the 
enviroiiment imder suitable conditions (e.g., when the pressure and/or the temperature is 
lowered). The components can then be contacted together within the environment and 

20 allowed to fasten together, for example, when the envirorunent (including solvent) is 
removed. As one specific example, two polycarbonate components of a chip of the 
invention may be fastened together in a methylene chloride environment. For example, a 
thin layer of a solvent, i.e. metlxylene chloride or the like, may be applied to a surface. The 
two surfaces to be joined may tfaen be pressed and/or clamped together imder pressure to 

25 ensure bonding. 

In some embodiments of the mvention, the chip mary be constructed and arranged 
such that one or more reaction sites can be defined, at least m part, by two or more 
components fastened together as previously described (i.e., with or without an adhesive). In 
some cases, a reaction site may be firee of any adhesive material adjacent to or otherwise in 

30 contact with one or more surfaces defining the reaction site^^ and this can be advantageous, 
for instance, when an adhesive might otherwise leach into fluid at the reaction site. Of 
course^ an adhesive may be used elsewhere in the chip, for example, in other reaction sites. 
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Similarly, in certain cases, a reaction site may be constructed using adhesive mateirials, such 
that at least a portion of the adhesive material used to construct the reaction site remains 
within the chip such that it is adjacent to or otherwise reirxains in contact with one or more 
surfaces defining the reactioa site. Of course, other components of the chip may 
5 constructed without the use of adhesive materials, as previously discussed. 

Referring now to Fig. 2, one example of a microflxiidic chip 40 of the inverxtion is 
shown. Chip 40 includes four general units, including a mixing unit 42, heating/di spersion 
unit 44, reaction site 46, and separation unit 48. One or nraore sensors, processors, ^nd/or 
actuators (not shown) can optionally be included in sensiog or actuating communication 

10 with the chip, respectively. "Sensing communication" and "actuating communication," as 
used herein, means that a sensor or actuator, respectively, is positioned anywhere ija 
association with the chip such, that the environment of the reaction site and/or the content of 
the reaction sitercan be determmed and/or controlled. A sensor or actuator can be included 
within the chip, for example embedded within or integrally connected to the reaction site, 

15 positioned within or on the chiip, or positioned remotely firom the chip but with physical, 

electrical, and/or optical connection with the reaction site so as to be able to sense or actuate 
a factor v^thin the reaction site. For example, a sensor may be free of any physical 
connection with a chip, but may be positioned so as to detect the results of interaction of 
electromagnetic radiation, such as infrared, ultraviolet, or visible light, which has been 

20 directed toward a reaction site and has passed through the site or has been reflected or 

difiBracted by the site. As another example, a sensor may be positioned on or withian a chip, 
and may sense activity at a reaction site by being connected optically to the reaction site via 
a waveguide. The chip can be similarly directly or indirectly connected to a network or a 
control system for overall corxtrol of detection and actuation. Sensing and actuating 

25 communication can also be provided where the reaction site is in conmiunication with a 
sensor or actuator fluidly, optically or visually, thermally, pneumatically, electronically, or 
the like, so as to be able to sense a condition of the reaction site and/or the content of the 
site. As one example, the sensor may be positioned downstream of one of the outlets, or 
behind a membrane or a transparent cover separating the t-eaction site from the sensor. 

30 Additional discussion of sensing and actuating arrangemenits is provided below. 

Fig. 5 illustrates anoth.er embodiment of the invention. Fig. 5 A illustrates a. top view 
and Fig. 5B illustrates a side view of chip 105. In this embodiment, chip 105 is composed 
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of three layers of material, namely, top layer 100 (which is transparent in the enxbodiment 
illustrated), middle layer 115, and lower layer 1 10. Of course, in other embodiments of the 
invention, chip 105 may have more or fewer layers of material (e.g., including amly 1 layer), 
depending on the specific appUcation. In the embodirnent shown in Fig. 5, midcile layer 115 
5 has one or more void spaces 112, defining a plurality of predetermined reaction sites as 
discussed below. One or more channels 116, 117 may also be defined within middle layer 
1 1 5, in fluid communication with reaction site 1 12. In some cases, one or more ports 1 14, 
118 may allow external access to the channels, for example through upper layer 1 00. 

Upper layer 100 may cover or at least partially cover middle layer 115, thereby in 

10 part defining reaction site(s) 1 12. In some cases, upper layer 100 may be permeable to a gas 
or liquid, for example, in cases where a gas or liquid agent is allowed to permeate or 
f penetrate through upper layer 100. For instance, upper layer 100 may be formeci jfrom a 
polymer such as PDMS or silicone, which may be thin enough to allow detectable or 
measurable gaseous transport therethrough. In some cases, gaseous transport through upper 

15 layer 100 may be possible, while the transport of a liquid through upper layer 100 is not 
generally possible within a reasonable time frame. In certain cases, upper layer 100 may 
also be substantially transparent or translucent, for example, in embodiments wtere light is 
used to initiate a reaction or activate a process (e.g., within the reaction site). In some cases, 
upper layer 100 may be formed from a polymer that allows a gaseous pH-altering agent to 

20 permeate across. In certain instances, upper layer lOO may be formed of a material that is 
self-sealing, i.e., the material may be penetrated by a solid object but generally regains its 
shape after such penetration. For example, upper layer 100 may be formed of aix 
elastomeric material which may be penetrated by a mechanical device such as a xieedle, but 
. wh.ich sealmgly closes once the needle or other mechanical device is withdrawn. 

25 Middle layer 115 kioludes four void spaces in the embodiment illustrated, in Fig. 5. 

Of course, in other embodiments, more or fewer void spaces may be present wittiin middle 
layer 115. In the embodiment illustrated in Fig. 5, void space hi middle layer 115, along 
with upper layer 100 and lower layer 110, may define reaction site 112. In the eacnbodiment 
of Pig. 5, there are four reaction sites 112, which are substantially identical; how^ever, m 

30 other embodiments of the invention, more or fewer predetermined reaction sites may exist, 
and the reaction sites may each be the same or different. In the embodunent shoAvn, each 
void space is substantially identical and has two fluid channels 116, 1 17 in communication 
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with the void space. Of course, in other embodiments of the invention, there may be more 
or fewer channels running throughout the chip. la the embodiment of Fig. 5, fluid channel 
116 is connected to port 1 1 8 in layer 115, and fluid channel 117 is connected to port 1 14 in 
layer 1 1 5; m other embodiments, of course, fluid channels 116 and 118 may fluidly connect 
5 one or more reaction sites to each other, to one or more fluid ports, and/or to one or more 
other components within clxip 105. Ports 1 14 and/or 118 may be used to introduce or 
withdraw fluids or other substances from the reactor in some cases. Li some embodiments 
of the invention, reaction site 112 and/or one or more fluidic chaimels may b& defined, for 
example, m one or more layers of the chip, for example, solely within one layer, at a 

10 junction between two layers, in a void space that spans three layers, etc. 

Ports 1 14 and 1 18 may be in fluid communication with one or more reaction site(s) 
. 1 12. Ports 1 14 and 118 may be accessible, in some cases, by inserting a needle or other 
rnechanical device through upper layer 100. For e:?cample, in some cases, upp er layer 100 
may be penetrated, or a space in upper layer 100 may permit external access to ports 114 

15 and/or 118. In some cases, upper layer 100 may be composed of a flexible or elastomeric 
material, which may be self-sealing in some cases. In certain mstances, upper- layer 1 00 
may have a passage formed therein that allows direct or indirect access to ports 114 and/or 
118, or ports 114 and/or 118 maybe formed in upper layer 100 and connected to channels 
116 and 117 through channels defined within layer 100. 

20 Lower layer 1 10 forms the bottom of chip 1 05, as illustrated in Fig. 5. As 

previously described, parts of lower layer 1 10 in part may define reaction site 1 12 in certain 
instances. In some cases, lower layer 110 may be formed of a relatively hard or rigid 
material, which may give relatively rigid structural support to chip 105. Of course, m other 
embodiments, lower layer 110 may be formed of a flexible or elastomeric mat:erial (i.e., 

25 non-rigid). In some cases, lower layer 1 10 may contain one or more channels defined 
therein and/or one or more ports defined therein. In some cases, material defining a 
boundary of the reaction site, such as lower layer 1 10 (or upper layer 100), may contain 
salts and/or other materials, for example, in cases where the materials are reacted in some 
fashion to produce an agent that is allowed to be transported to or proximate reaction site 

30 1 12. The agent may be any agent as previously discussed, for instance, a gas, a liquid, an 
acid, a base, a tracer compound, a small molecule (e.g., a molecule with a molecular weight 
of less than about 1000 Da — 1500 Da), a drug, a protein, or the like, and transport may 
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occur by any suitable rnechanism, for example, dif&ision (natural or facilitated) or 
percolation. In one embodiment, the agent is produced by a thermal decomposition reaction 
that may be externally initiated, for example, using electric current or light C^-g-» with a 
laser). In certain other cases, material defining a boundary of the reaction site, such as 
5 lower layer 110 or upper layer 100, may contaia one or more reservoirs of agents that are 
not in fluidic contact with reaction site 1 12, but ^here the agents may be traoisported to or 
proximate the reaction, site, for example, by crea.ting at least one fluidic connection between 
a reservoir and a reaction site. The transport ma.y be externally controlled ox driven in some 
cases, e.g., using an electric or magnetic field to direct fluid movement. Of <;ourse, in still 
10 other cases, lower layer 110 and/or upper layer 1 00 may not contain any agents or other 
reservoirs. 

It should be xmderstood that the chips and reactors of the present invention may have 
a wide variety of different configurations. For eixample, the chip may be foniied fi-om a 
single material, or the chip may contain more than one type of reactor, reservoir and/or 
15 agent. In some cases, the chip may contain more than one system able to alter one or more 
environmental factor(s) within one or more reaction sites within the chip. For example, the 
chip may contam a sealed reservoir and an uppesr layer that a non-pH-neutral gas is able to 
permeate across. 

Chips of the indention can be constructed and arranged so as to be able to detect or 
20 determine one or more envhx)nmental conditions associated with a reaction site of the 
reactor, for example, using a sensor. In some cases, each reaction site may be 
independently determiaaed. Detection of the environmental condition may occur, for 
example, by means of a sensor which may be po sitioned within the reaction site, or 
positioned proximate the reaction site, i.e., positioned such that the sensor is in 
25 communication with the reaction site in some manner. In some cases, such detection may 
occur in real-time. The sensor may be, for exanxple, a pH sensor, an optionaLl sensor, an 
oxygen sensor, a sensor able to detect the conceotration of a substance, or th e like. Other 
examples of sensors are fiirther described below. The sensor may be embed<led and 
integrally connected with the chip (e.g., within a. component definmg at leas* a portion of 
30 the reaction site a charuiel in fluidic communication with the reaction site, etc.), or separate 
from the chip in some cases (e.g., within sensing communication). Also, the sensor may be 
integrally connected to or separate from the reaciion site in certain embodim.ents. 
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As used herein, an "environmental factor" or an "environmental condition^* is a 
detectable and/or measurable condition (e.g., by a sensor) of the environment withiin and/or 
associated with a reaction site, such as the temperature or pressure. The factor or <iondition 
may be detected and/or measured within the reaction site, and/or at a location proximate to 
the reaction site (e.g., upstream or downstream of the? reaction site) such that the 
environmental condition within the reaction site is kixown and/or controlled. For example, 
the environmental factor may be the concentration of a gas or a dissolved gas witbi.in the 
reaction site or associated with the reaction site (for example, upstream or downstrream of 
the reaction site, separated from the reaction site by a. membrane, etc.). The gas ni.ay be, for 
example, oxygen, nitrogen, water (i.e., the relative hixmidity), CO2, or the like. Thte 
environmental factor may also be a concentration of a substance in some cases. Per 
example, the envh-onmental factor may be an aggregate quantity, such as molarity^, 
osmolarity, salinity, total ion concentration, pH, color-, optical density, or the like. The 
concentration may also be ttie concentration of one otr more compounds present within the 
reaction site, for example, an ion concentration such as sodium, potassium, calciunn, iron or 
chloride ions; or a concentration of a biologically actLve compound, such as a protein, a 
lipid, or a carbohydrate source (e.g., a sugar) such as glucose, glutamine, pyravate., apatite, 
an amino acid or an oligopeptide, a vitamin, a hortnone, an en2yme, a protein, a growth 
factor, a serum, or the like. In some embodhnents, th^e substance within the reaction site 
naay include one or more metabolic indicators, for example, as would be found in media, or 
as produced as a waste products from cells. If cells aire present, the sensor may als o be a 
sensor for determining all viability, cell density, cell motility, cell dijBFerentiation, c^ell 
production (e.g., of proteins, lipids, small molecules, drugs, etc.), etc. 

The enviromnental fa.ctor may also be a fluid property of a fluid within the a-eaction 
site, such as the pressure, the viscosity, the turbidity, the shear rate, the degree of agitation, 
or the flowrate of the fluid. The fluid may be, for instance, a liquid or a gas. In on^ set of 
embodiments, the enviromnental factor is an electrical state, for example, the charge, 
cxirrent, voltage, electric field strength, or resistivity ox conductivity of the fluid or -another 
substance within the reactioix site. In one set of embodiments, the enviromnental condition 
is temperature or pressure. In certain embodiments, thie sensor may be a ratiomctri<^ sensor, 
i.e., a sensor able to determine a difference or ratio be-tween two (or more) signals, e.g., a 
nneasurement and a control signal, two measurements,, etc. 
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Non-limiting examples of sensors useful in the inventiooa include dye-based 
detection systems, afiBnity-based detection systems, microfabricated gravimetric analyzers, 
CCD cameras, optical detectors, optical microscopy systems, electrical systems, 
thermocouples and thermistors, pressure sensors, etc. Those of ordinary skill in the art will 
5 be able to identify other sensors for use in the invention. For e:?tample, in one set of 

embodiments, the chip may contain a sensor comprising one or more detectable chemicals 
responsive to one or more environmental factors, for example, a dye (or a combination of 
dyes), a fluorescent molecule, etc. One or more dyes, or fluorescent or chromogenic 
molecules sensitive to a specific environmental condition(s) may be chosen by those of 

10 ordinary skill in the art. Non-limiting examples of such dyes, or fluorescent or chromogeimic 
molecules include pH-sensitive dyes such as phenol red, bromothymol blue, chlorophenol 
red, fluorescein, HPTS, 5(6)-carboxy-2',7'-dimethoxyfluoresce;in SNARF, and 
phenothaiein; dyes sensitive to calciimi such as Fura-2 and Indo-1; dyes sensitive to 
chloride such as 6-methoxy-N-(3-sulfopropyl)-quinolinim and lucigenin; dyes sensitive tc» 

15 nitric oxide such as 4-amino-5-methylamino-2',7'-difluorofluor'escein; dyes sensitive to 
dissolved oxygen such as tris(4,4'-diphenyl-2,2'-bipyridine) ruthenium (IT) chloride 
pentahydrate; dyes sensitive to dissolved CO2; dyes sensitive to fatty acids, such as 
BODIPY 530-labeled glycerophosphoethanolamine; dyes sensitive to proteins such as 4- 
amino-4'-benzamidostilbene-2-2*-disulfonic acid (sensitive to serum albumin), X-Gal or 

20 NBT/BCEP (sensitive to certain enzymes), Tb^"^ fiom TbCla (sensitive to certain calcium- 
binding proteins), BODIPY FL phallacidin (sensitive to actin), or BOCILLIN FL (sensitive 
to certain penicillin-binding proteins); dyes sensitive to conceo-tration of glucose, lactose or 
other components, or dyes sensitive to proteases, lactates or othLer metabolic byproducts, 
dyes sensitive to proteins, antibodies, or other cellular products-, such as calcein AM, 

25 ethidium bromide, or resa2xirin (sensitive to viability). 

hi one embodiment, the dye or fluorescent molecule ma3^ be immobiUzed within orae 
or more walls within the chip, e.g., within one or more walls defining the reaction site. In 
another embodiment, the dye or fluorescent molecule may be immobilized within a gel 
positioned within the chip, for example, in fluid communication with the reaction site. In 

30 yet another embodiment, the dye or fluorescent molecule may Iog dissolved in a media, for 
example, that is passed through the reaction site. The dye or fluiorescent molecule may have 
a response generally proportional to a value of one or more environmental factors and/or 
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other variable(s) of interest. The response may be measured, e.g., as a fluorescent signal, an 
absorbance signal, a wavelength or frequency, etc. A reactor ^d/or reaction site withia x. 
chip may be coupled to a light delivery and/or other light interacting component(s). For 
example, the light-interacting component may include a detec-tion system where light (e.g:., 
5 having a predetermined wavelength.) arising from a dye, a fluorescent molecule, etc., may- 
he detected and/or measured. 

Tlxe sensor can include a colorimetric detection system, in some cases, which may -be 
external to the chip, or microfebricated into the chip m certaia cases. In one embodiment-, 
the colorimetric detection system can be external to the chip, but optically coupled to the 

10 reaction site, for example, using fiber optics or other light-interacting components that may 
be embedded in the chip (e.g., such as those described below). As an example of a 
colorimetric detection system, if a dye or a fluorescent molecu-ie is used, the colorimetric 
deitection system may be able to detect a change or shift in the frequency and/or intensity of 
the dye or fluorescent molecule in response to a change or shift in one or more 

15 environmental factors within a reaction site. As a specific exaanple. Ocean Optics Inc. ' 
(Dunedin P.O.) provides fiber optic probes and spectrometers for the measurement of pH 
and dissoWed oxygen concentration.. 

In some aspects of the invention, any of the above-described chips may be 
constructed and arranged such that the chip, or a portion thereof, such as one or more 

20 reaction sites, is able to respond to a change in an environmentzal condition withia or 

associated with a reaction site, for example, by use of a control system. In some cases, eax^h 
reaction site within the chip may be independently controlled in some fashion. As used 
herein, a ''control system" is a system able to detect and/or me^ure one or more 
environmental factors within or associated with the reaction site, and cause a response or a 

25 change in the environmental conditions within or associated with the reaction site (for 
instance, to maintain an environmental condition at a certain value). In some cases, the 
control system may control the envirormiental factor in real time. The response produced 
by the control system may be based on the environmental factor in certain cases. An 
"active" control system, as used herein, is a system able to caxise a change in an 

30 environmental factor associated with a reaction site as a direct response to a measurement of 
the envirormiental condition. The active control system may provide an agent that can be 
delivered, or released from the reaction, where the agent is controlled in response to a 



wo 2004/016727 



PCT/US2003/025956 



-36- 

sensor able to determine a condition associated with the reaction site. A "passive" control 
system, as used herein, is a system able to maintain or cause a change in an. environmental 
condition of the reaction site without requiring a measurenxent of an environmental dfactor. 
The passive control system may control the environmental factor within the reaction, site, 
5 but not necessarily in response to a sensor or a measurement. The passive control s^^stem 
may allow an agent to enter or exit the reaction site without active control. For example, a 
passive control system may include an oxygen membrane ajid/or a water-permeable 
membrane, where the membrajie can maintain the oxygen and/or the water vapor cx>aitent 
within the reaction site, for instance, within certain predeteirmined limits. The control 

10 system may be able to control one or more conditions within or associated with the ireaction 
site for any length of time, for example, I day, 1 week, 30 c3ays, 60 days, 90 days, 1 year, or 
indefinitely in some cases. 

The control system caiDi include a number of control elements, for example, a_ sensor 
operatively connected to an actuator, and optionally to a processor. One or more of the 

15 components of the control system may be integrally connected to the chip containing the 
reaction site, or separate from the chip. In some cases, the control system includes 
components that are integral to the chip and other componexits that are separate from the 
chip. The components may be within or proximate to the reaction site (e.g., upstrearn or 
downstream of the reaction site, etc.). Of course, in some eaubodiments, the control system 

20 may include more than one sensor, processor, and/or actuator, dependmg on the application 
and the envfroimiental factor(s) to be detected, measured, and/or controlled. One example 
of a control system is depicted in Fig. 5, in which an enviroximental condition 50 within 
chip 1 05, detected by a sensor 52, is transduced into a signa_l 51 that is transmitted to 
processor 54 for suitable processing. Processor 54 then produces a signal 53, which is sent 

25 toactuator 56 where the signal is converted into a response 60. In some embodimeats, the 
control system may be able to produce a very rapid change in the environmental factior in 
response to a stimulus or a chajige in stimulus (for example., a detectable change in aji 
environmental factor such as temperature or pH in a time of" less than 5 s, less than 1 s, less 
than 1 00 ms, less than 10 ms, or less than 1 ms). 

30 As used herein, a "processor" or a ''microprocessor''' is any component or device 

able to receive a signal from one or more sensors, store the signal, and/or convert the signal 
into one or more responses for one or more actuators, for exiample, by using a mathexnatical 
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formula or an electronic or computational circuit. In one embodiment, the processor may be 
an expert system. The signal may be any suitable signal indicative of the environmental 
factor determined by the sensor, for example a pneumatic signal, an electronic signal, an 
optical signal, a mecfctanical signal, etc. Processor 54 may be any device suitable for 
determining a response to the signal, for example, a mechanical device or an electronic 
device such as a semiconductor chip. The processor may be embedded and mtegrally 
cormected with the reaction site or chip, or separate from the reaction site or chip, 
depending on the application. In one embodimeot, the processor is programmed with a 
process control algorithm, which can, for example, take an incoming signal from a sensor 
and convert the signal into a suitable output for aan actuator. Any suitable algorithm(s) may 
be used within processor 54, for example, a PID control system, a feedbaclc or feedforward 
system, a fuzzy logic control system etc. The processor may be programmted or otherwise 
designed to control aix environmental condition w^ithui the reaction site, for- example, by 
manipulation of an actuator. 

For example, in one embodiment, processor 54 is able to maintain one or more 
enviroimiental conditions (e.g., temperature or pressxire) at a constant, predetermined level 
within a predetermined reaction site of a chip, for example, to facilitate a cliemical reaction 
therein. In another embodunent, processor 54 is able to alter one or more environmental 
conditions within one or more predetermined reaction sites of a chip accorcding to a 
predetermined pattern^ or in response to a specific condition; for example, the processor 
may cause the actuator to raise the pH within a predetermined reaction site at a certain rate, 
the processor may cause the actuator to alter the pH of a predetermined reaction site once a 
specific temperature or other environmental condition has been reached, or the processor 
may cause the actuator to allow or prevent, or increase or decrease, the flow of a substance 
or an agent into a predetermined reaction site. In some embodiments, processor 54 is able 
to control several enviromnental conditions withio a predetermmed reaction site, for 
example, at least two, iiiree, four, five, six, seven or more conditions, preferably 
sunultaneously or nearly simultaneously depending on the application and the degree of 
control that is desired. For example, processor 54- may be in communication with one or 
more sensors and/or one or more actuators. 

hi certam embodiments, processor 54 may^ be programmed or designed to maintain 
one or more environmental conditions within one or more reaction sites. For example, 
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processor 54 may be programmed or designed to maintain one or more environmental 
conditions within three reaction sites, within seven reaction sites, within ten reaction sites, 
etc. For example, where there are a plurality of reaction sites, one subset: of reactions site 
may be held at one temperature, while a different subset of reaction sites may be held at a 
5 different temperature. As another example, one subset of reaction sites may have a &st 
compound added thereto, while a second subset reaction sites may have a different 
compound added thereto. Combinations of subsets may also be used, fox example, different 
subsets having different chemicals, temperature s, or the like. Thus, manry different 
envhonmental conditions may be simultaneously controlled at different A^alues within one 

10 chip. In some cases, the pattern of control and monitoring of the reaction sites may be 

altered in time, i.e., during an experiment. Thus, for instance, two reaction sites that were 
monitored and/or controlled simultaneously at a first point in time may h>e separately 
monitored and/or controlled at a second point io time. The control and naonitoring may be 
preset, automated, or manually determined. 

15 In one set of embodiments, processor 54- may be programmed or designed to 

maintain conditions suitable for supporting the metabolism or growth of a cell (e.g., a 
bacterial or a mammalian cell). For example, processor 54 may be able to control one or 
more of the temperature, relative himiidity, pressure, oxygen concentration, CO2 
concentration, serum concentration, nutrient concentration, shear rate, on the pH within the 

20 reaction sites of the chip. Other environmental factors suitable for supporting cell growth 
are further described below. 

As used herein, an "actuator" is a device able to affect the environment within or 
proximate to one or more reaction sites, or in an inlet or outlet in fluid commxmication with 
one or more reaction sites (e.g., as in channels 116 and 1 17 in Fig. 5A). The actuator may 

25 be separate from, or integrally connected to the reaction site or chip. For* example, in some 
embodiments, the actuator may include a valve or a pump (including microvalves and 
micropumps) able to control, alter, and/or prevent the flow of a substance or agent into or 
out of the reaction site^ for example, a chemical solution, a buffering soli-Jtion (e.g., a pH 
buffering solution), a gas such as CO2 or O2, a nutrient solution, a saline solution, an acid, a 

30 base, a solution containing a carbon source, a nitrogen source, an inhibitor, a promoter, a 
hormone, a growth factor, an inducer, etc. The substance to be transported will depend on 
the specific application. In some cases, the punnip may be external of the chip. As one 
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example, the actuator may selectively open a valve that allows CO2 or O2 to enter the 
reaction site. In other cases, the pump may be interoal of the chip. For example, the pump 
may be a piezoelectric pump or a mechanically-activated pump (e.g,, activated by pressure, 
electrical stimulation, etc.). In one embodiment, the pump is activated by procducing a gas 
5 within the chip, which may cause fluid flow within the chip; as examples, the ^as may be 
produced by directing light such as laser light at a reactant to start a gas-prodircing reaction, 
or the gas may be produced by applying an electric current to a reactant (for iristance, an 
electric current may be applied to water to produce gas). As another example,, the actuator 
may include a pumping system that can create a fluid connection with a reaction site as 

10 necessary. In one particular example, a chip having a gas-permeable service nnay be placed 
in an incubator or other enclosed environment, and tJie atmosphere within the incubator or 
other environment may be controlled, thereby controlling the environmental conditions 
within the reaction sites. 

As yet another example, the actuator may include a heating element or a cooling 

15 element, such as a heat e:xchanger (e.g., as shown in Fig. 2), a resistive heater or a Peltier 
cooler. In other embodiments, the actuator may inclxide an electrical system, such as an 
electrical system that maintains a steady current, or a steady electric field gradient within 
the reaction site. In yet another example where at least two fluid streams enterr or leave a 
reaction site, the actuator may include a valve or a pump that is able to control the ratio of 

20 flowrates between the tw^o fluid streams. For instance, the actuator, in response to a signal, 
may act to increase an inlet flowrate and decrease an. ouflet flowrate within the reaction site. 

In one set of embodiments, the actuator may include an energy source, such as an 
electromagnetic energy source, a heat source, a meclnanical energy source, or an ultrasound 
source. In some embodiments, the electromagnetic radiation may have wavelengths or 

25 jfrequencies in the optical or visual range (e.g., havhxg a wavelength of between about 400 
nm and about 700 nm), infi-ared wavelengths (e.g., having a wavelength of betrween about 
300 nm and 700 nm), ultxaviolet wavelengths (e.g., having a wavelength of be^een about 
400 nm and about 10 nm), or the like. In some cases, the light may cover a range of 
j&equencies, for example., between about 350 nm and about 1000 nm, between about 300 nm 

30 and about 500 nm, between about 500 nm and about 1 nm, between about 400 nm and about 
700 nm, between about 600 imi and about 1000 nm, or between about 500 nm and about 50 
nm. In other cases, the light may be monochromatic- (i.e., having a single frequency or a 
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narrow frequency distribution), for example, a freq^uency that is commonly produced by 
commercial lasers, or a jBrequency that a fluorescea.t agent is excited at. For ex&mple, the 
frequency may be a frequency that is centered aroixnd 366 nm, 405 imi, 436 nttm, 546 rmi, 
578 nm, 457 nm, 488 nm, 514 rnn, 532 nm, 543 run, 594 nm, 633 nm, 568 nm, or 647 nm. 

5 The monochromatic beam of light may have a narrow distribution of frequencies. For 
example, 90% or 95% of the frequencies may be w^ithin ±5 nm or ±3 nm of the average 
frequency. In certain cases, the light may be polarized (e.g., linearly or circulatrly), or more 
than one wavelength of light may be used, for example, serially or simultaneou sly. In some 
embodiments, a light-interacting component may a. Iter the wavelength of light within the 

10 device. 

In another embodiment, the actuator may be constructed and arranged to selectively 
kill or deactivate specific cells or tj^es of cells, preferably without affecting ne^by or 
adjacent cells. For example, the actuator may uiclode an energy source directed 
substantially at the reaction site, or at an inlet or oxi-tlet in fluid communication ^ith the 

15 reaction site; on detection of a specific cell or cell "type by the sensor, the actuajtor may 
target the cell, for example, by directing energy at the cell, killing the cell or ottierwise 
deactivating it in some fashion (e.g., by damagmg its DNA enough to prevent replication). 
The energy targeted towards the cell may be any energy able to deactivate the c^ell, for 
example, electromagnetic or ionizing radiation, ultrasound, or heat energy. 

20 In one set of embodiments, the chip is constructed and arranged to contirol an 

environmental fector associated with a reaction site by transporting an agent abUe to affect 
the environmental factor, or a precursor of an agent that is able to affect the fac-tor, into or 
proximate the reaction site (i.e., such that it affects the environmental factor witJiin the 
reaction site). Control of the delivery of the agent Cor preciu-sor) to the reaction, site, in 

25 certam instances, may be used to control the environmental factor. 

In another set of embodiments, an environmental factor withhi or assocL ated with the 
reaction site may be altered and/or controlled without directly contacting the reaction site to 
an agent, e.g., an external or unsterilized agent, sucli as a liquid or a gas. For example, the 
reaction site may contain a biological specimen or a substance for use in a biological setting 

30 where sterility and/or isolation is required; or the reaction site may contain a reaction that is 
sensitive to, e.g., liquids or pH changes, for example, a water-sensitive reaction which must 
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be performed in a non-humid environment, where direct contact between the agent and, the 
reaction site would be present difficulties. 

In one set of embodiments, the chip may be constructed and arranged to allow an 
agent to permeate or diffuse into the reaction site. Hor instance, the reaction site may be 

5 defined, at least m part, by a component such as a v^ell or a layer of the chip, through which 
an agent is able to permeate. The agent may be able to alter and/or control one or more of 
the envu'onmental factors Avithin or associated with the reaction site. For instance, the 
component may include a membrane, such as an osruotic membrane or a semipeirmeable 
membrane (e.g., with respect to the agent) that the a_gent is able to permeate across. In some 

10 cases, the component may be chemically or physica.lly inert with respect to the agent. In 
certain instances, a flow of agent may occur on one side of the component. In some 
embodiments, the flow of agent on one side of the c omponent may occur along a- 
meandering or non-straiglit pathway, for example, to increase the time of contact: between 
the agent and the component. For example, m Fig. 12, if compartment 20 is separated from 

15 compartment 42 by a membrane (not shown) through which an agent is able to permeate, a 
flow of agent may occur along serpentine path 281. 

In one embodiment, a chemical agent generated elsewhere within the chip may be 
allowed to interact with the reaction site(s) to control the environmental factor(s) therein, or 
one or more fluidic pathways may be created (e.g., opened) within the chip that a-Uows an 

20 agent stored within the chip or external the chip to c^ome into contact with the rea.ction sites 
. or otherwise ajffect the reaction site. The agent may be any agent able to alter and/or control 
one or more environmental factors within the reaction site. For instance, the agemit may be a 
non-pH-neutral composition or a pH-alterLng agent £is previously described. As an example, 
in Fig. 5 A, chip 105 may be constructed to allow aa agent to permeate and/or difSEuse into 

25 the reaction site. For instance, the reaction site may include a component such as a wall 
(e.g., a wall of predetermined reaction site 1 12) or one or more layers of the chip (e.g., 
upper layer 100), through Avhich an agent is able to permeate through to affect the reaction 
site. As another example, the component that the agent is able to penetrate in sorme fashion 
may uiclude or be defined by a membrane, such as an osmotic membrane or a 

30 semipermeable membrane (e.g., semipermeable wifli respect to the agent) that the agent is 
able to permeate across. In some cases, the comporrent may be chemically or ph3^sically 
inert with respect to the agent; for instance, the com ponent may allow an acidic or an 
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alkaline compound to permeate across to the reaction site without substantially damaging or 
altering the component. In certain instances, a flow of agent may" occur on one side of the 
component. In some embodiments, the flow of agent on one side of the component may 
occur along a meandering or non-straigbit pathway, for example, to increase the time of 
5 contact between the agent and the comp onent, 

For instance, in the embodiment of the invention shown in Fig. 7A, chip ,205 is 
illustrated having a predetermined reaction site 207 and a permealble upper layer 220. In 
this example, dispensing unit 228 is positioned proximate the reaction site such that the 
dispensing unit is able to produce an agent able to permeate towaards and interact with 

10 reaction site 207 within a desired time frame, for example, within, a few seconds or tens of 
seconds, minutes, or hours, depending on the application. Dispeixsing imit 228 may also be 
connected to one or more chemical sources, for example, one or more sources of gases 
and/or pH-altering agents, such as sources 222 and 224 as shown . in the illustrative figure. 
As examples, source 222 may be an acid source and source 224 may be an alkaline source, 

15 source 222 and source 224 may each be acid sources or alkaline sources, source 222 may be 
a source of cell media and, source 224 may be a source of glucose or saline, etc. Fig. 7B 
illustrates an expanded view of a droplet 225 containing an agent (e.g., an agent dispensed 
by dispensing unit 228) that has been dispensed onto the surface of chip 205 on upper layer 
220, In this figure, a portion 226 of droplet 225 has partially permeated through layer 220 

20 towards reaction site 207. Over time, permeation region 226 may expand as the agent 
penetrates upper layer 220 until the agent comes into contact with, reaction site 207 and 
affecting an environment factor within the reaction site. 

In some embodiments, as shown in Eq. 1, the permeability (P) of a substrate with 
respect to an agent (e.g., a component or a layer of the chip) may l)e expressed as the 

25 volimietric transfer rate of the agent (v) times the thickness (T), per area (a), time (t) and the 
partial pressxire difference (p): 

P = vT/atp (1) 

30 The thickness of the substrate (T) may be measured in, for example, cm or mm, the time (t) 
in seconds, the pressure (p) in Pa, atm, cxnHg, or mmHg, the area (a) in cm^ or mm^ and the 
volumetric transfer rate of the agent (v) in cm^, measured at STP (^"standard temperature and 
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pressure," referring to a temperature of 273 , 1 5 K (0 ^'C) and a pressure of 1 0 1 325 Pa. (1 
atm)) or otlxer standardized conditions. The permeability will thus be in units, for example, 
of cm^STP nxm/cm^ s cmHg). Thus, as one, for example, the substrate may have a 
permeability of at least about 400 x 10"^ (cm^sTP cm/s cm^ cmHg)=. at least about 500 x 10*^ 
5 (cm^sTP cm/s cm^ cmHg), at least about 590 x 10'^ (cm^sTP cm/s cm^ cmHg), at least about 
700 X 10'^ (cm^ STP cm/s cm^ cmHg), or at least about 800 x 10'^ (om^srp cm/s cm^ cmHg) to 
ammonia, acetic acid, and/or CO2. As one particular example, wtxere the substrate is a 
membrane tiiat has a thickness of rougti 100 micrometers, the substrate may have a 
permeability of about 172 mol/day atm to ammonia, a permeability of about 150 

10 mol/day atmtoaceticacid, and/or a. permeability of about 150 mol/day m^ atm to CO2. 

As one example, if the environmental factor within or associated with the reaction 
site is pH, then the agent may be a pH- altering agent able to be delivered or transported to 
or proximate the reaction site to control the pH therein. As used Ixerein, a "pH-altering" 
agent is any agent able to alter the pH of the environment within or associated with the 

15 reaction site, for example, an acid, a base, or an agent able to react: within or proximate the . 
reaction site to form an acid or a base. In some embodiments, the pH-altering agent is inert 
relative to the reaction site, and/or other component(s) of the chip. The pH-altering agent 
may be able to alter the pH of the environment within or associate d with the reaction site to 
a significant or a measurable extent, for example, by at least 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1, 2, 

20 or 3 or more pH units, depending on the required sensitivity and tbie specific appUcation. 
The required pH sensitivity can be readily determined by those of ordinary skill in the art. 
For example, a chemical process that requires a change in pH to initiate a reaction may 
require large pH changes, while a process to regulate the pH of the reaction site near an 
optimum value may require sensitivity to smaller changes in pH. 

25 As used herein, "acid" is given its ordinary definition as used in chemistry. In some 

cases, an acid may have a pH of less th^ about 7, less than 5, less than 4, less than 3, or less, 
than 2 pH units, depending on the streagth of the acid. Similarly, a "base," or an "alkaline" 
is given its ordinary definition as used in the field of chemistry, In some cases, the base or 
alkaline may have a pH of at least about 7, at least about 8, at least: about 9, at least about 

30 11, or at least about 12 pH units. A "non-neutral" or a "non-pH-neutral" composition is a 
composition that is either acidic or basic (i.e., the composition has a pH that is either greater 
than or less than 7, preferably by a sigaificant amount, such as by at least 1 or 2 pH units). 
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The non-pH-neutral composition may be a solid, a liquid, or a gas in some cases. As used 
herein, a "gaseous" acid or base is a composition that is in the gas phase, or is generally 
volatile (i.e., having a high vapor pressure) and easily enters the gas phase. For example, 
the gaseous acid or base may have a vapor pressure of at least about 300 mmHg, at least 
5 about 400 mmHg, at least about 500 mmHg, at least about 60O mmHg, or at least about 70 O 
mmHg. Norx-limiting examples of gaseous acids include acetic acid, formic acid, propionic 
acid, pyruvic acid, lactic acid, SO2, CO2, CO, NO2, or butyric ac-id; non-limiting examples 
of gaseous bases include ammonia, phuosphine, or arsine. 

In some embodiments where a component of the chip (e. g., a layer or a membrane) 

10 comprises a polymer that a molecule (e.g. a small molecule) is atle to permeate, the 
polymer may be or include, for example, nylon, polyethylene, polypropylene, 
polycarbonate, polydimethylsiloxane, or copolymers or blends. In another set of 
embodiments, the component may include a polymer substantially impermeable to the agent 
being transported, but the component may be constructed or designed to allow transport of 

15 the agent to occur, for example, through a region that is porous or contains a number of 

channels. In yet other embodiments, tlie component may be impermeable to the agent beinLg 
transported, but the component may be converted to a permeable form upon the addition of 
a permeabilLzing agent. As used hereiai, "permeation" and "pemneate" refer to any suitable^ 
non-bulk transport process. A non-bulk transport, with respect to a substrate, generally is a 

20 transport process where substantial convection or bulk flow does not occur within the 

substrate. For example, permeation of the agent may occur through passive diffusion, for 
example, through the bulk material of a component or through pores or other interstices that 
may exist within the component; or the transport may be fecilitated or enhanced in some 
manner, for instance, through osmosis., electrodiffiision, electroosmosis, percolation, or 

25 through the use of a permeation-enhan.cing compoimd within th& component. In some 
embodiments, transport of the agent m.ay be facilitated using an externally-applied field, 
such as an electrical, magnetic, or a centripetal field. 

In some embodiments, the coirxponent may be designed to transport an agent 
therethrough within a given period of time or under a certain comdition. In these cases, the 

30 exact thickness, density, porosity, tortiaosity, composition, or otixer characteristics of the 

component may be determinable by those of ordinary slcill in the? art. For example, in some 
cases, the diffusion of the agent across the component may be generally Fickian, and the 
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time it takes the agent to difiuse across the component may be determined using Pick's 
Law. In certain cases, transport of the agent across the componetat may be relatively rapid., 
for example, in cases where a relatively thin component is used. 3For instance, the 
component may be constructed such tkat an agent is transported therethrough m less than 
5 about 10 minutes, less than about 5 minutes, less than about 3 minutes, or less than about L 
minute, depending on the application. 

In another set of embodiments, for example, as shown in Fig; 8 A, laser 230 directs 
laser beam 232 at compartment 235 of chip 205, for example, to activate a reaction that 
produces an agent able to alter an enviroimiental factor within predetermined reaction site 

10 207, for instance, pH or concentration. In other embodiments, of course, other forms of 
energy, such as heat or electrical energy, may be applied to compartment 234 (or to chip 
205 in general) to activate the agent. Aoi expanded view of Fig. 8 A is shown in Fig. 8B. 
Laser beam 232 may be substantially directed towards compartment 235 directly from any 
direction or angle (as shown in Fig, 8), or mdirectly, for example, through a waveguide (not 

15 shown). As shown in Fig. 8, laser beam 232 may optionally pass through one or more other 
layers and or components of chip 205 before reaching compartment 235 (for example, if 
those layers and/or components are substantially transparent). Upon absorption of the 
energy from laser beam 232 by agent-producing precursor(s) 237 in compartment 235, the 
agent-producing precursor(s) 237 may produce agent 238 in this example. Agent 238 may 

20 be, in this example, a gas such as a pH-altering gas, for example, ammonium, acetic acid, 
CO, CO2, N2, HCl, etc. Agent 23 8 then may permeate througli at least a portion of chip 
205 (for example, within a charmel, or through a component and/or a layer of the chip) to 
interact with predetermined reaction site 207. Thus, the controlled application of light or 
other energy to compartment 235 may result in the alteration and/ or control of an 

25 environmental factor witiiin predetermined reaction site 207. 

In some embodiments, the environmental factor within the reaction site may be 
altered by generating one or more agents within the chip, for example, from one or more 
precursors, sxich as precursor 237 in Fig. 8B. The agent(s) may interact with, or alter in 
some way, an environmental factor witGhin the reaction site. In one embodiment, the agent 

30 may be generated within the reaction site. In another embodimen't, the agent may be 

generated elsewhere within the chip and transported to the reactiooi site in some fashion, f>r 
instance, fluidically. For example, the chemical agent may be produced and/or stored 
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within a different compartment associated with or external of the chip (e.g., as in a 
reservoir), then transported to the reaction site, for instance, through a channel or other 
fluidic connection, or by allowing it to permeate or diffuse across a membrane or another 
component. In one embodiment, the agent may be generated ui a location proximate the 

5 reaction site, e.g., the agent may be generated in a location where it can be readily 

transfeaed or transported to the reaction site, for example, withka a few seconds or tens o£ 
seconds. In another embodiment, the agent may be a gas that is transported to the reaction 
site, for example, through a membrane, or over a barrier that prevents liquid communication 
between the compartment and the reaction site, while non-gaseoos products may be 

10 prevented fiom entermg the reaction site. In certain embodiments of the invention, the 
reaction of the precursor(s) that produces the agent may be externally initiated. For 
example, a light source, such as a laser, may be applied to the precursor(s), or other energ^^ 
sources such as electrical current or heat may be used to initiate a reaction of the 
precursor(s). In yet another embodiment, a fluidic connection may be created between the 

15 compartmexit and the reaction site, for example, reversibly. For instance, the fluidic 
connection may be created by opening a valve such as a mechanical valve or a 
micromeclianical valve, etc. separating the compartment and the reaction site. 

In some cases, additional compounds may be combined with the precursor(s) to, for 
example, preserve the precursor(s) against decomposition or degradation, to enhance the 

20 ability of the precursor(s) to react (e.g., a catalyst or an en2yme), or to enhance the 

absorption of incident energy onto the precursor(s), for instance, to increase the reaction rate 
of the precursor(s) to form an agent. In some embodiments, a material that is able to absonrb 
of incident electromagnetic radiation, such as a darkened or "black" material, may be added 
to the precursor(s), for example, to enhance the absorption of energy. Non-limiting 

25 examples of such materials include quartz, black glass, silicon, black sand, carbon black, 
and the like. The additional compounds may be substantially unireactive, unable to form a_. 
transportable agent (i.e., transportable through a layer or a component of the chip), or the 
additional compounds may not significantly interfere with the production of the agent or 
with control of an environmental factor associated with the reaction site. 

30 The agent, in certain embodiments, may be produced in a. reaction that is activated at 

a certain temperature, such as in a thermal decomposition or degtradation reaction. In som-e 
cases, the reaction to produced the agent may be initiated when ttie precursor(s) is exposecd 



wo 2004/016727 



PCTAJS2003/025956 



-47- 

to at least a certain temperature able to activate the reaction, for example, a temperature of 
at least about 200 °C, 300 °C, 400 °C, or 500 °C. The temperature necessary to activate the 
reaction may be produced within the precursor(s) by any suitable technique, for example, 
upon the exposure of light energy, heat^ electrical energy (e.g., resistive heating), an 
5 exothemiic chemical reaction, or the likie to the precursor(s). 

In some embodiments, the agent so produced may be a gas, for example, O2, CO, 
CO2, NO, NO2, HCl, or the like. In some cases, the agent-producia s reaction may produce 
one or more gases and/or one or more rxon-gaseous products. In some cases, the gaseous 
agent(s) may then be transported into or proximate the reaction site (for example, through a 

10 membrane or over a barrier), while non-gasepus products (such as liquids or solids) may be 
prevented from entering the reaction site in. some fashion. 

The agent, in certain cases, may be a pH-altering agent. In some cases, the pH- 
altering agent may be a base, such as ammonia. The base may be generated by any suitable 
reaction that can generate an alkaline agent, such as through a thermal decomposition 

15 reaction of an alkaline precursor salt. For example, ammonia may be generated through the 
thermal decomposition of an ammonium precursor salt such as amncioniimi nitrate, 
ammonium carbonate, ammonium bicajrbonate, ammonium chloride, ammonium bromide, 
ammonium fluoride, or the like. In other cases, the pH-altering ageont may be an acid, such 
as acetic acid or formic acid. The acid may be generated usmg any suitable reaction that 

20 can generate an acidic agent, such as the thermal decomposition of an acid precursor salt. 
For instance, acetic acid may be produced by the thermal decomposition of sodiiun acetate, 
potassium acetate, calcium acetate, lithium acetate, magnesium acetiate, or the like. 
Similarly, formic acid may be produced- by the thermal decompositi on of sodium formate, 
potassium formate, calcium formate, litliium formate, magnesium formate, etc. In some 

25 cases, the pH-altering agent may not be an acid or a base, but be in a form that can be 

converted into an acid or a base within the chip or within a reaction site. For example, the 
pH-altering agent may react with water to form an acid or a base wi-thin the chip or reaction 
site. As a non-limiting example, a gas sxach as CO2 may react with water to produce 
carbonic acid^ e.g.: 

30 

CO2 -H H2O <— > H2CO3 <^> + HCOa' 



wo 2004/016727 



PCT/US2003/025956 



-48- 

In yet another set of embodiments of the inveration, the agent may be presexit in a 
compartment not in fluid communication with the reaction site; when exposure of -the agent 
to the reaction site is desired in order to alter or control an environment factor therein is 
desired, a fluidic pathway may be created to enable th_e agent to enter into or otherwise 
5 interact with the reaction site. For example, a created fluidic pathway may be a n&'w 
pathway, i.e., a non-preexisting pathway, or a pathway created in a region that did not 
previously contain a fluidic pathway; or the created fliaidic pathway may be created in a 
re^on that previously contained a fluidic pathway thart has been altered to prevent fluidic 
communication. In some cases, a new pathway may be created within the chip by removing 

10 or damaging a component of the chip, such as a layer, a membrane a wall defuiing a 
reaction site or a chaimel in fluidic communication v/i~th the reaction site, etc. As another 
example, the fluidic pathway may be a closed, pre-exi sting fluidic pathway that can be 
opened and/or modified under certam conditions, for instance, a valve or a switch. In one 
embodiment, the compartment is a sealed compartment, e.g., a compartment witho nit access 

15 to the external enviroimfient and/or the reaction site. In another embodiment, the 

compartment is accessible extemally (i.e., through an inlet or an outlet), but is not in fluid 
communication with the reaction site. 

Chips of the invention may include one or more fluid pathways for delivery of 
species or removal of species from a reaction site. In some cases, a fluidic pathway can be 

20 created in situ (after construction of the chip, during ctiip setup and/or during use o f the 
chip) by permeabilizing or damaging a component separating the compartment from the 
reaction site (e.g., as in a wall or a membrane), or separates the compartment from -a fluidic 
pathway m fluid conununication with the reaction site. For instance, in certain 
ercabodiments of the invention, the fluidic pathway or other means for fluidic 

25 coxnmunication may be created by permeabilizing and^or damaging (reversibly or 

irreversibly) a component that separates the compartm ent containing the agent (and/or agent 
precursor(s)) from fluidic communication with the reaction site, or separates the 
compartment from a channel or other fluidic pathway in fluid communication with the 
reaction site, thus creating a fluidic connection betweeoi the compartment and the reaction 

30 site. For example, the component may be permeabilized by heating the component to 
increase the permeability of the chemical agent or by clausing the component to melt or 
vaporize. In some cases, the permeability of the component may be enhanced by one, two. 
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or three or more orders of magnitxide. In certain cases, the permeabilization of the 
component may be reversible or at least partially reversible, for example, by d&creasing the 
temperature, or introducing a non-permeabilizing agent 

The component, in some cases, may also be damaged or otherwise altered or 

5 permeabilized through a reaction, for example, a chemical or electrochemical reaction, to 
produce a fluidic connection with the reaction site. Tor example, the component may 
include a metal, such as gold, silver or copper, that can be electrolyzed upon the application 
of a suitable electrical current. As yet another example, the component may be chemically 
etched, for example, with a reactive species. 

10 In still other embodiments, the component as discussed above may be nraechanically 

altered and/or damaged, for example, by piercing the component with a microneedle to 
create a fluidic pathway between the compartment axid the reaction site. The muicroneedle or 
other mechanical device may originate from within the chip, or externally. In one 
embodiment, the component may be altered on a reversible basis, for example, the 

15 component may be self-sealing and/or comprised an elastomeric substance that can be 
resealed. 

The component may also be damaged withoiat the use of mechanical forces or 
chemicals in some cases. For example, energy may "be applied to the surface to damage it. 
In some embodunents, the component may be ablatesd, for example, using heat or light. If 

20 light is used, the light may be channeled through a w^aveguide to the surface in some cases, 
or light may be applied directly to the surface. 

The component naay include a material able to enhance the creation of tlie fluidic 
pathway m some embodiments of the invention. As examples, the enhancing n:iaterial may 
facilitate the absorption of light or other forms of energy, or increase the chemical reaction 

25 or transport rate. For instance, m one embodiment, the component may compri:se a material 
tbat is able to absorb incident electromagnetic radiation, i.e., a darkened or "bla.<:k" material, 
siich as quartz, black glass, silicon, black sand, carbon black, and the like. As other 
eixamples, the component may include a catalyst, an enzyme, or a permeation enhancer. 
In one aspect, the present invention is directesd to a chip able to control gases or 

30 trumidity therein. The present uivention, in some em"bodiments, may allow hunridity control 
to be passive and built into a chip that may be used to, for example, conduct chemical or 
biochemical reactions, or culture cells. In one embo<iiment, humidity control oir 
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maintenance may be provided to the chip in the fox-m of a humidity controller and/or a film, 
optionally with low water permeability relative to "the oxygen permeability. As used herein, 
a "humidity controller" is a device that allows certain gases, such as oxygen, carbon 
dioxide, or nitrogen to enter the chip, but mhibits the passage of water vapor into the chip. 
5 The himiidity controller may allow passage of sma-ll amounts of water vapor ioto the chip, 
but does not allow as much water vapor to enter th.e chip as at least one other gas, e.g. those 
listed above. Examples include, but are not limited to, membranes and thin filans (e.g., 
films having a thickness of less than 2 mm). In soxne embodiments, the humidity controller 
may be positioned as, or in, a wall of the chip, sucti as within a wall of a reactor unit or 
10 reaction site. In other embodiments, the humidity controller may be positionecd such that it 
is in fluid communication with one or more reaction sites. In some embodimcTits, each of 
the reaction sites in the chip may be adjacent to, aod/or in fluid communication with a 
h.umidity controller. In some cases, the hxmiidity controller may substantially seal at least a 
portion of the chip. 

15 Humidity controllers of the invention can include a humidity control irLaterial 

designed to maximize gas and/or minimize water v^apof passage therethrough. The 
hLumidity control material of the present invention may allow the passage of certain desired 
gases, such as oxygen and/or carbon dioxide, whiles inhibitbig the passage of other gases, for 
example, water vapor. The material of the present invention is suitable for use: as a 

20 h-umidity controller in a chip, but is not limited to such uses; rather, the material may be 
ixsed anywhere where water vapor or other specified gases are to be kept in or out, while 
allowing the passage of oxygen and/or other gases. For example, the hxmiidity^ control 
material of the present invention may be useful in greenhouses or wound dressings. 

In one set of embodiments, the humidity control material may include a membrane 

25 or a thin film selected to control the passage of gastes and/or water vapor theretihrough. In 
one embodiment, the hiomidity controller is a membrane or a thin film having a desired 
permeability to one or more gases. The membrane or thin film may be positioned 
anywhere in the chip w^here it is able to affect one or more reaction sites in Sonne fashion. 
For example, the membrane or thin film may be positioned such that it defines the surface 

30 of one or more reaction sites. 

In one set of embodiments, the membrane or thin film has a thickness of greater than 
about 10 micrometers, in some cases greater than about 25 micrometers, in some cases 
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greater than about 50 micrometers, in some cases greater than about 75 naiorometers, in 
some cases greater than about lOQ micrometers, ot in some cases greater tfcian about 150 
micrometers while still allowing sufficient oxygen transport therethrough, jfor instance, to 
enable cell culture to occur, as further described h.erein. In some cases, a.membrane or a 

5 thin film having a thickness of greater than about 50 micrometers may be particularly 

useful, for example, during manufacturing of the chip. The membrane may have a thickness 
of less than 1 or 2 millimeters in some cases. 

In some cases, it may be desired to incorporate the humidity control material into a 
structural aspect of the chip, or to incorporate stnLctural aspects of the chip into the 

10 humidity control material. Where the humidity control material is intended to provide or 
supplement support, or will not itself be otherwise adequately supported, ttie humidity 
control material may also mclude a support layer. A support layer may comprise any 
material or materials that provides desired support;. For example, the support layer may 
include one of the layers that may otherwise be ia<:luded in the humidity control material for 

15 permeability, such as polydimethylsiloxane or poLyfluoroorganic materials^ or the support 
layer may comprise a diflferent material, such as g-lass (for example, PYREIX® glass by 
Commg Glass of Coming, NY; or indium/tia-coaf:ed glass), latex, silicon, or the like. The 
support layer may be positioned anywhere within the humidity control material, for 
example, as an outer layer or an intermediate layex, and may be positioned to help protect 

20 one or more delicate layers. In some embodiments of the present invention, the use of a 

support layer may allow a large portion, or nearly all of a reaction site, reactor, or chip to be 
constructed of the humidity control material. Preferably, the support layer does not 
significantly impact the permeability of the humidity control material, or thie change in 
permeability may be accoimted for in the design of the hxmiidity control material. 

25 Where the chip of the present invention is intended for use with ma-terials, such as 

reactants, that may damage, reduce the function, or otherwise react with or cause the 
humidity control material to deteriorate, the membrane may include a protection layer. The 
protection layer may be positioned as any component of the humidity control material, for 
example, as a surface layer, or interposed between a sensitive portion of the humidity 

30 control material and the material or envu-onment t3iat may adversely affect it. For example, 
the protection layer may be positioned on an mneir surface of the humidity control material, 
particularly where the harmful material is within t3ie chip, or on the outer surface of the 
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humidity control material, particularly where the harmful material is outside the chip. The 
protection layer may also be positioned between oflier layers, so long as it is able to perform 
is protective function. Preferably, the protection layer does not significantly impact the 
permeability of the humidity control material, or th^ change in permeability xnay be 
accounted for in the design of the humidity control material. 

As an example, a chip 140 mcluding a humidity controller according to one 
embodiment of the present invention is illustrated fcn Fig. 9A. This chip inclxades a reaction 
site 142, an inlet 144, aji outlet 146, and an inner wall 148. Inner wall 148 is defined on one 
side by a humidity con-troUer 150. Humidity controller 150, in this embodiment, includes a 
membrane having a first layer 152 and a second lay^er 154. 

Another embodiment of a chip 140 includintg a humidity controller is illustrated in 
Fig, 9 A. In this embodiment, the humidity controlLer 150 includes a multi-layer membrane 
that defines a wall of a reaction chamber 142, and also defines a wall of an inlet and of an 
outlet. In addition to fixst and second layers 152 amd 154, which are provided primarily for 
purposes of providing a desired permeabiUty, this membrane also includes a support layer 
156 positioned betweeo first and second layers 152 ^ 154. Other arrangenien"ts for the 
permeability-controlling layer(s) and support layerCs) are possible. Also pro*vided in chip 
140 in this particular example is a cell adhesion lay^er 158 positioned on inner wall 148 of 
reaction site 142, encoiaraging cell growth there and not in inlet 144 and outlet 146. In other 
embodiments, the cell adhesion layer could extend over more, or all, of the swface of 
humidity controller 150. It should also be apprecia.-ted that the geometry of chip 140 as 
illustrated in Figs. 9A and 9B is shown by way of illustration only and that naany other 
arrangements and chip geometry may be useful in particular embodiments. 

In one set of embodiments, the humidity control material is selected to have a certain 
permeability and/or a certain permeance. As used herein, the "permeability"* of a material is 
given its ordinary meaning as used in the art, i.e., an intrinsic property that generally 
describes the ability of a gas to pass through the material. In contrast, as used herein, the 
"permeance" of a material is the actual rate of gas transport through a sample of a material, 
i.e., an extrinsic property. The permeance of a sanxple of material is affected by factors 
such as the area or thickness of the material, the pressure differential across tJie material, 
etc. For example, in Fig. 1 1, the oxygen permeance of two membranes is shown to be 
dependent on the membrane's thickness. 
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A chip of ttie present invention, in one set of embodiments, may include a humidity 
control material (e.g., a membrane or a thin film) having a permeability -to oxygen greater 
than about 3.9x10'^ cm^/s, and in some cases greater than about 4.3x10'^ cm^/s, and/or a 
permeability to water vapor lower than about 1 .7x1 0"^ cmVs, and m som.e cases lower than 

5 about 1 .0x1 0'*^ cm^/s. It should be appreciated that, while control of oxygen is used as an 
example herein, ottier gases such as nitrogen or carbon dioxide may be controlled instead, at 
permeabilities as noted above, or a combination of gases may be controlled. It should also 
be appreciated that while, in the example of cells further described below, the lower limit of 
oxygen transfer and the upper limit of water vapor transfer may typically be desired to be 

10 controlled, in other applications, for example, m a chemical syndesis operation, it may be 
deshed to control other parameters, for example, the upper limit of oxygen transfer and 
lower limit of watex vapor transfer, or the lower and upper limits of othex gases such as 
nitrogen or carbon dioxide. 

The humidity control material of the present invention may be used in a wide variety 

15 of reactions and interactions. One example of a reaction is cell culture. For example to 

maintain a cell cultiore, to increase the number of available cells or cell t3/pes, or to produce 
a desirable cellular product. In some cases, the humidity control material may allow 
sufficient oxygen to enter by diffusion therethrough to support cell growlii. In certain cases, 
the humidity control material may also be largely impermeable to microorganisms and other 

20 cells, for example to prevent contamination. Preferably, the material has low toxicity. 

In embodiirLcnts where the invention is used in connection with cxilturing cells, cell 
culturing may take place over varymg lengths of time, depending on the eells being cultured 
and other factors known to those of ordinary skill in the art. Thus, the dessign of the chip 
and the nature of the humidity control material may be adapted to the culture time. For 

25 example, the chip or humidity control material may be designed to allow it to withstand the 
time needed for the culture and is preferably designed to be able to be reused many times. 
In various embodiioents, cell cultures maybe performed m 24 hours, 48 hours, 1 week, 2 
weeks, 4 weeks, 6 weeks, 3 months, 1 year, continuously, or any other time required for a 
specific cell culture- 

30 In some cases, the humidity control ma-terial is selected to have a permeability 

and/or a permeance to one or more gases that corresponds to a range acceptable for 
culturing certain cells. For example, the humidity control material may htave a permeability 
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and/or permeance to oxygen high enough, and/or a permeability and/or permeance to water 
vapor low enough, to allow cell culturing. Examples of such penneal>ilities include the 
above-described permeabilities. Hiose of skill in the art will be able "to identify specific 
ranges of permeabilities of certain materials appropriate for successfully culturing particular 

5 cells and cell lines, as well as larger .cellular groups, such as microbiaL and mammalian 
cells, tissues, tissue engineering constructs, etc. 

Thiis, in one embodiment, the invention includes a method of identifying an oxygen 
requirement and a humidity requirement of certain cells, selecting a material having an 
oxygen permeability high enough to meet the oxygen requirement of the cells and a water 

10 vapor permeability low enough to meet the humidity requirement of the cells, and culturing 
the cells in a chip comprising a reaction site. The reaction site has at least a portion thereof 
formed of the selected material. 

Examples of permeability ranges of a humidity control material for use in the 
invention, for example for use in culturing a broad range of cells, inclvide a permeability to 

15 oxygen greater than about 1 00 (cm'^srp mnx/m^ atm day), and a permeability to. water vapor 
less flian about 6x10"^ (cm^sTP mm/m^ atm day). As used herein, "STP" refers to "standard 
temperature and pressure," referring to a temperature of 273.1 5K (0 °C) and a pressure of 
about 10^ Pa (1 atm). In another embodiment, the humidity control m-aterial may have a 
permeability to water that is less than about 100 (cm^sxp mm/m^ atm c3ay) and, in other 

20 embodiments, less than about 30 (cm^sip mm/m^ atm day) or less thao about 10 (cm^sTP 
mm/m^ atm day), and an oxygen permeability of at least about 6x10^ (cm^srp mm/m^ atm 
day), and in some embodiments, at least about 1x10^ (cm^sip mm/m^ atm day), and in other 
embodiments greater than about 3x10^ (cm^sTP mm/m^ atm day) or IxilO^ (cm^sTP mm/m^ . 
atm day). Any combination of oxygen permeability and water vapor permeability listed 

25 herein can be used. For microbial cells, an example of a suitable rang:e of oxygen 

permeability is provided by a membrane having a permeability to oxy^gen permeability 
greater than about 1x10^ (cm^sxp mm/m^ atm day) and/or a permeability to water vapor is 
less than about 6x10^ (cm^srp mm/m^ atm day). For mammalian cells, an example suitable 
range is provided by a membrane of the invention having a permeability to oxygen greater 

30 than about 100 (cm^sxp mm/m^ atm day) and a permeability to water vapor lower than about 
1x10^ (cm^STP mm/m^ atm day). 
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For humidity control materials having a permeability to oxygen and water vapor, in 
certain cases, it is desired that the material have very high oxygen permeability and very 
low permeability to water vapor, e.g., as is indicated in Fig. 12 by "goal" region 80, For 
example, the material may have an oxygen permeability of greater thian about 1000 (cm^sxp 
5 micrometer/m^ day atm), in some cases greater than about 10,000 (cm^sTP micrometer/m^ 
day atm), and in some cases greater than about 100,000 (cm^sTp micr-ometer/m^ day atm), 
and/or a permeability to water vapor less than about 1000 (g micrometer/m^ day), in some 
cases less than about 100 (g micrometer/m^ day), and in some cases less than about 10 (g 
micrometer/m^ day). For instance, as illustrated in Fig. 5, the results of materials such as 

10 high density polyethylene ("HDPE"), polyethylene terephthalate ("PIET"), polypropylene 
("PP")s or polyC4-methylpentene-l) ("PIMP") are shown, and these naay be suitable for use 
with the invention, as further described below. Other materials and combinations of 
materials are also contemplated, e.g., as further described below. 

In some embodiments, the humidity control material does not: promote cell adhesion, 

15 but may include a cell adhesion layer (ox a cell adhesion layer can be provided on the 
material) that may be any of a wide variety of hydrophilic, cytophilic, and/or biophilic 
materials. Examples of materials that may be suitable for a cell adhesion layer on a 
humidity control material include, but are not limited to, polyfluoroorganic materials, 
polyester, PDMS, polycarbonate, polystyrene, and alimiimmi oxide. As another example, 

20 the humidity control material may include a layer coated with a material that promotes cell 
adhesion, for example, using an RGD peptide sequence. In some ena.bodiments, it may be 
desired to modi:fy the surface of a cell adhesion layer, for example, \>y attachment, binding, 
soaking or other treatments. Example molecules that promote cell acdhesion include, but are 
not limited to, fibronectin, laminin, albumin or collagen. Where the material includes a cell 

25 adhesion layer, the cell adhesion layer may be positioned as an inner layer or a surfece layer 
of the membraae, or may abut an interior of the chip. Preferably, the cell adhesion layer 
does not significantly impact the permeability or permeance of the humiidity control 
material, or the change in permeability or permeance may be accoun"ted for in the design of 
the humidity control material. 

30 Some of the materials used to form the humidity control material, and, in some 

cases, some of the layers thereof, may be selected based on the gas {>ermeabilities of the 
materials, for example, as previously described. Those of ordinary s3cill in the art will know 
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of methods of determining the gas permeability of a material. As one particular example 
method, a sample of a material having a known exposed area and thickness (e.g., a 
membrane) may be placed between, two chambers, and a gas (-or a liquid) may be placed in 
one chamber. The experimental time it talces for the gas (or liquid) to diffuse across the 
5 material to the other chamber and detected in a suitable fashion may then be related to time 
gas (or liquid) permeability of the material. 

In one set of embodiments, the humidity control material may include a polymer 
(e.g., a single polymer type, a co-polymer, a polymer blend, a polymer derivative, etc.). 
Examples of polymers that may be used within the humidity control material include, ba.t 

10 are not limited to, polyfluoroorganic materials such as polytetirafluoroethylenes (e.g., such 
as those ncaarketed under the name TEFLON® by DuPont of W^ilmington, DE, for example, 
TEFLON*® AF) or certain amorphous fluoropolymers; polystyrenes; PP; silicones such as 
polydimethylsiloxanes; polysuifones; polycarbonates; acrylics, such as polymethyl aciylate 
and polymethyl methacrylate; polyethylenes such as highKiensity polyethylenes ("HDPE"), 

15 low-density polyethylenes ("LDPE"X linear low-density polyethylenes CTLDPE"), ultra 
low-density polyethylenes ("ULDPE") etc.; PET; polyvinylch3oride ("PVC") materials, 
such as those marketed under the name SARAN® by Dow Chemical Co. of Midland, MI ; 
nylons such as that marketed under the name DARTEK® by ]>upont; a thermoplastic 
elastomer, and the like. Another example of a suitable material is a BIOFOIL® polymer 

20 membrane, made by VivaScience (Haimover, Germany). In one embodiment, the polymter 
may be poly(4-methyIpentene-l) ("PMF'): 




which, m some cases, may have a permeability coefiBcient for oxygen of about 317.2 (m^sTP 
m/s m Pa) . Examples of PMPs mclude those marketed under the name TPX™ by Mitsui 
25 Plastics (White Plains, NY). In other embodiments, the polymer may be poly(4- 
methylhexene-l), poly(4-methylheptene-l) poly(4-methylocte3ne-l), etc. In another 
embodiment, the polymer may be poly(l-trimethlsilyl-l-propynne) ('TTMSP"): 
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which, in some cases, may have a permeability coefficient for oxygen of about 5.78x10^ 
(cm-^STP mm/m^ day atm). In some cases, copolymer of these and/or other polymers may be 
used in the humidity control material. 

Of course, the first and second layers m.ay also each include a mixtuxe of materials 
in some embodiments. For example, one layer may include at least 50% by weight of one 
material with the balance comprising one or more other materials. In another embodiment, 
each layer consists essentially of a single material. 

In some embodunents, the area and thic^Tcness of the humidity contro 1 material, or a 
layer or portion thereof, may be used to select a desired degree of permeance and/or 
permeability. As one example, a more water vapor-permeable material msiy be made 
thicker, or its area may be reduced, in order to ireduce the amount of water v apor that 
reaches or leaves the area or region where humadity control is desired. In some cases, the 
material may be designed such that it is betweeati about 10 micrometers and 2 mm thick. 
Within this range, the relative thickness of layea-s within multiple layers or p^ortions of the 
material may vaiy. For example, a relatively thrnick layer of a polyfluoroorganic material and 
a relatively thin layer of vinylidene chloride may be useful in particular embodiments. As 
additional examples, a few micrometers of poly^etrafluoroethylene may be c3eposited or 
coated onto a layer of polydimethylsiloxane, or a few micrometers of HDPE could be co- 
molded with PDMS. 

In some cases, the polymer (or mixture of polymers) used in the hmnidity control 
material may be sufficiently hydrophobic such "that the polymer is able to retain water (i.e., 
water vapor is not able to readily transport throkigh the polymer). For instatiLce, the 
permeability of water through a hydrophobic polymer may be less than abomt 1000 (g 
micrometer/m^ day), 9O0 (g micrometer/m^ day^), 800 (g micrometerW dayD, 600 (g 
micrometer/m^ day) or less, as previously descr-ibed. 

In certain embodiments, the polymer(s) used in the humidity control material may 
have a molecular structure open enough to readily allow the transport of oxygen 
therethrough. For instance, the molecular struc"ture may allow transport of oxygen across 
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the polymer of greater than about 1000 (cm^sTF> micrometer/m^ day atm) or more, as 
previously described. In one embodiment, the polymer is sufficiently branched such that 
the polymer is unable to form a structure undeir ambient conditions (e.g., a tightly crystalline 
structure) that limits the transport of oxygen therethrough, for instance, to less than about 
5 1000 (cm^sTP micrometer/m^ day atm) or 50O ( cm^sTP micrometer/m^ day atm). 

In another ennbodunent, the polymer ma.y include a bulky group tGhat prevent the 
polymer from readily forming a structure undea- ambient conditions that limits the transport 
of oxygen therethrough. A 'T?ulky group" on ai. polymer, as used herein, is a moiety 
sufficiently large that the polymer is imable to form a crystalline structure under ambient 

1 o conditions that limits the transport of oxygen ttierethrough to less than about 1000 (cm^sxp 
micrometer/m^ day) or 500 (cm^sxp micromete day). The bulky gromp may be, for 
instance, part of the backbone of the polymer or a side chain. Non-limitixig examples of 
bulky side groups include groups containing cyclopentyl moieties, isopropyl moieties, 
cyclohexyl moieties, phenyl moieties, isobutyl moieties, /e/t-butyl moieties, cycloheptyl 

1 5 moieties, trimethylsilyl or other trialkylsilyl moieties etc. For example, Ln one set of 
embodiments, the polymer may have a structuire: 




where each R independently comprises at least: one atom, and Bk is a bulky group. In some 
cases, R may be a hydrogen or an alkyl group. 
20 Of course, it should be understood that the polymer may have sev^eral or all of the 

above-described features. For example, the polymer may be a polymer l>lend or a 
copolymer that has snfiBcient hydrophobicity s"uch that the polymer is able to retain water 
yet have a molecular structure open enough to allow sufficient oxygen permeability 
therethrough. 

25 In one embodiment, the present inventLon achieves a permeability goal by 

combining two layers or portions of material. This can be achieved, for example, by 
including a first, more permeable layer, and a second, less permeable layer; multiple layers 
may also be used m other embodiments. By combining different materiads and adjusting 
their relative thickness, a desired oxygen and water vapor permeability may be achieved. In 

30 one embodiment where the himfiidity control naaterial comprises two layers or portions, they 
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may be formed out of the same or different materials polymers. For exainple, the humidity 
control material may include a first layer including at least about 55% by -weight of a first 
polymer or co-polymer and a second layer comprising no more than about 45% by weight 
of the jRrst polymer or co-polymer. As another example, the humidity control material may 
5 include a first layer including at least about 60°/o, about 70%, or about 80^o by weight of a 
first polymer or co-polymer and a second layer comprising no more than about 40%, about 
30%, or about 20% by weight of the first polymer or copolymer. In some embodiments, the 
first polymer may comprise about 100% of the first layer and essentially none of the second 
layer. In some cases, at least a portion of the first layer may be co-polymerized with the 
10 second layer. 

Where the himiidity control material of the present invention is constructed as a 
membrane includuig two or more layers, the two or more layers may be joined in any 
manner that provides sufficient strength to the membranes. In some cases, the two or more 
layers may be sufiBciently self-supporting and it: may not be necessary to j oin the layers, 

15 meaning a space could be left therebetween if desired. In other embodiments, additional 

layers may be used to support the membrane. In embodiments where it is desired to jom the 
two or more layers to provide mutual support or otherwise, examples of acceptable means 
of joining the layers include laminating the layexs together, at least partially intermixing the 
layers, and co-polymerizing the layers together. Where the layers are to b e intermixed, the 

20 resin that will form each layer may be partially or totally intermixed before the membrane is 
formed. For example, liquid pre-polymers may be mixed and then a curiixg agent added, or 
two partially cured layers can be connected witlx a curing agent between thiem, curing the 
layers together. 

In another set of embodiments, the humidity control material of the present 
25 invention allows light to pass through it. This naay allow the material to be used where light 
is important, for example, to facilitate a reactiorr such as a photocatalyzed reaction, to 
promote cell or plant growth, to cause a biochemical change to occur, or the like. The 
material may also allow observation of a region^ such as a reactor or reaction site, that is 
protected by the humidity control material, or is located behind a humidity-controlled 
30 region. In one embodiment, the humidity control material is translucent, and, in some cases, 
it is at least substantially transparent. One of skill in the art will recognize that there are 
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varying degrees of translucence and transpaxence, and will be able to select desired 
properties based upon a particular application. 

The chip canincludeavariety of ottter components. For example, the chip may 
include components such as a Ught source, a flowmeter (e.g., for measuring fluid flow of a 
5 gas or a liquid), a circuit such as an integrated circuit, a reservoir (e.g., for a solution), a 
micromechanical or a MEMS ("microelectromechanical system") component, a microvalve, 
a micropump, or the like, for example, as farther described below. Thie components may be 
fabricated on the chip using techniques such, as those used in standard, microfabrication, 
similar to those used to create semiconductors (See Madou Fundamentals of 

10 Microfabrication, CRC Press, Boca Raton, FL 1997; and Maluf,^ Iratroduction of 
Micromechaniccxl Systems Engineering, Artech House Boston, MA 2O00). In some 
embodiments, at least one, two, three or more components are integrally connected to the 
chip. In certain embodiments, all of the components are integrally coxmected to the chip. 

Other examples of components suitable for use with the invention include pylon-like 

15 obstructions placed in the flow path of a stream to enhance mixing wi-thin the chip, reactor 
and/or reaction site, or heating, separation, and/or dispersion imits witJiin the chip, reactor 
and/or reaction site. For example, if a heating imit is present, the healring unit may be a 
miniaturized, traditional heat exchanger. 

For instance, in one set of embodiments, the present invention may include a 

20 membrane, such as a membrane that may control hxmiidity (e.g., as previously described) 
and/or be substantially transparent. If a membrane is present, it may be positioned 
anywhere in the a reactor within a chip. In one embodiment, the membrane is positioned 
such that it defines the surface of one or more reaction sites and/or divides a reaction site 
into two or more portions, which portions rrtay have the same or diffeirent dimensions. For 

25 example, in Fig. lOA, membrane 410, which may be a humidity controller and/or be 

substantially transparent, defines a surface of reaction site 411. In Fig. lOB, membrane 410 
defines the surface of reaction site 41 1 and a surface of reaction site 4 12, As another 
example, the membrane can be positioned such that it is in fluidic communication with one 
or more reaction sites of the chip. In some cases, the membrane may Tdc positioned such 

30 that a pathway fluidly coimecting a first reaction site with a second reaction site crosses the 
membrane. In another embodiment, the membrane can be positioned such that it is in 
fluidic communication with one or more reaction sites of the chip. In some cases, the 
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membrane may be positioned such that a pathway fluidly connecting a first reaction site 
with a second reaction site crosses the membrane. For example, in Figs. IOC and lOD, 
membrane 410 does not define sxirfaces of reaction sites 41 1 or 412, but is positioned such 
that at least one pathway fluidly connecting reaction site 41 1 with reaction site 412 crosses 
5 membrane 410. 

As one example, in one embodiment:, the membrane may be a porous membrane 
having, for example, a nimiber-average pore size of greater than about 0.03 micrometers 
and less than about 5 micrometers. In other embodiments, the pore size of the membrane 
may be less than about 4 micrometers, less than about 3 micrometers, less than about 2 

10 micrometers, less than about 1.5 micrometers, less than about LO micrometers, less than 
about 0.75 micrometers, less than about 0.6 micrometers, less than afcout 0.5 micrometers, 
less than about 0.4 micrometers, less than about 0.3 micrometers, less than about 0.1 
micrometers, less than about 0.07 micrometers, and in other embodkiients, less than about 
0,05 micrometers. In certain cases, the pores are also greater than 0.03 micrometers or 

15 greater than 0.0 8 micrometers. In some cases, the membrane may be chosen to prevent the 
passage of certain cells there through (e.g., bacterial cells, yeast cells, mammalian cells, 
etc.). For example, a membrane with a pore , size of about 0.2 micronneters may prevent the 
passage of bacteria cells, and a membrane with a pore size of a bout 1 micrometer may 
prevent the passage of mammalian cells. Da certain embodiments, a membrane may be 

20 chosen to prevent or permit the passage of certain molecules, e.g., micromolecules, having a 
certain size and/or charge, i.e., a charge and/or size selective membrane. 

The membrane may be or include polymers or other materials such as polyethylene 
terephthalate (PET), polysulfone, polycarbonate, acrylics such as poLymethyl methacrylate, 
polyethylene, polypropylene, regeiierated cellulose, nitrocellulose, aLimiinum oxide, glass, 

25 fiberglass, and the like. In certain embodiments, the membrane may also be substantially 
transparent, e.g., as previously described. Jo one embodiment, for exuample, the membrane 
is a substantially transparent polyethylene tetrephthalate membrane having a pore size of 2 
micrometers or less, for example, a ROTRA.C® capillary membrane made by Oxyphen 
U.S.A., Inc. (New York, NY). 

30 In one set of embodiments, a chip of the invention may include a structure adapted 

to facilitate the reactions or interactions that are intended to take place therein (e.g., within a 
reaction site). For example, where a chip is intended to function as c^ne or more bioreactors 
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for cell culturing, the chip may include structure(s) able to improve or promote cell growth. 
For instance, in some cases, a surface of a reaction site may be a soxface able to promote 
cell binding or adhesion, or the reactor and/or reaction site within tlie chip may include a 
structure that includes a cell adhesion layer, which may include anv of a wide variety of 

5 hydrophilic, cytophilic, and/or biophilic materials. As examples, thie surface may be 
ionized, coated (e.g., with a support material) and/or micropattemed with any of a wide 
variety of hydrophilic, cytophilic, and/or biophilic materials, for exiample, materials having 
exposed carboxylic acid, alcohol, and/or amino groups. Examples of materials that may be 
suitable for a cell adhesion layer include, but are not limited to, poLyfluoroorganic materials, 

10 polyester, PDMS, polycarbonate, polystyrene, and aluminum oxide. As another example, 
the structure may include a layer coated with a material that promo-tes cell adhesion, for 
example, an RGD peptide sequence, or the structure may be treated in such a way that it is 
able to promote cell adhesion, for example, the surface may be treated such that the surface 
becomes relatively more hydrophilic, cytophilic, and/or biophilic. In some embodiments, it 

15 may be desired to modify the surface; of a cell adhesion layer, for instance with materials 
that promote cell adhesion, for example^, by attachment, binding, soaking or other 
treatments. Example materials that promote cell adhesion include, but are not limited to, 
fibronectin, laminin, albumin or coUageji. In other embodiments, for example, where^ 
certain types of bacteria or anchorage-independent cells are used, tlie surface may be 

20 formed out of a hydrophobic, cytophobic, and/or biophobic material, or the surface may be 
treated in some fashion to make it more hydrophobic, cytophobic, and/or biophobic, for 

example, by using aliphatic hydrocarbons and/or fluorocarbons. 

1 

In some embodiments, the chip may include a "light-interaoting component," i.e., a 
component that interacts with light, for example, by producing lightt, reacting to light, 

25 causing a change in a property of light, directing light, altermg ligli.t, etc. As used herein, a 
"light-interacting component" is a component that interacts with light in some fashion 
related to chip and/or reactor fimction, for example, by producing I ight, reacting to light, 
causing a change in a property of light, directing light, altering ligh-t, etc., in a manner that 
affects a sample within a chip or reactor and/or determines something about the sample (the 

30 presence of the sample, a characteristic of the sample, etc.). In ones embodiment, the 

component produces light, such as in a light-emitting diode ("LED'=") or a laser. In another 
embodiment, the light-interacting component may be a component that is sensitive to light 
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or responds to light, such as a photodetector or a photovoltaic Cell - In yet another 
embodiment, the light-interacting component may manipulate or alter light in some fashion, 
for example^ by focusing or collimating light, or causing light to diverge, such as in a lens, 
or spectrally dispersing light, such as in a diffraction grating or a prism. In another 

5 embodiment, the light-interacting component may be able to transmit or redirect the 

direction of light in some fashion, such, as along a bent path or around a comer, for example^ 
as in a waveguide or imrror. In yet another embodiment, the light-interacting component 
may alter a property of light incident on the component, such as the degree of polarization 
or the frequency, for example, as in a polarizer or an interferometer. Other devices, or 

10 combinations of devices, are also possible. In general, the term "Light-interacting 
component" does not encompass components or devices that passively transmit light 
without significant modification, alteration, or redirection, such as au-, or a plane of glass or 
plastic (e.g., a ^Svindow"). The tenn "light-interacting component" also does not generally 
encompass components that passively absorb essentially all incident light without a 

15 response, such as would be found in an opaque material. 

In embodiments in which a ligfcit-interactmg component is provided in conjunction 
with a reactor, it may be positioned anywhere on or within the rea-ctor. For example, the 
light-interacting component may be placed within or adjacent to a. reaction site. Li some 
cases, the light-interacting component is integrally connected withi the reaction site, for 

20 example, as a wall or a surface of the reaction site. 

As another example, the light-interacting component may "be positioned elsewhere 
in, or integrally connected to, the chip, such that at least a portion of light entering the light- 
interacting component is in optical communication with the.reacti on site. As used herein, 
the term "op"tical communication" generally refers to any pathway that provides for the 

25 transport of electromagnetic radiation, such as visible light. Optical communication 
includes direct, "line-of-sight" commujiication. Optical communication may also be 
facilitated, for example, by the use of optical devices such as lenses, filters, optical fiber, 
waveguideSj^ diffiaction gratings, mirrors, beamsplitters, prisms, aoid the like. In some 
embodiments, the light-interacting component may direct light to or from more than one 

30 reaction site^, or the light-interacting component may direct light &om more than one light 
source to a reaction site. In certain embodiments, more than one Light-interacting 
component may be present. 
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The light-interacting corapoaent may include a waveguide? in some cases. The term 
"waveguide,'' as used herein, is given its ordinary meaning in the art and may include 
optical fibers. A waveguide is generally able to receive light and guide or transmit a portion 
of that light to a destination not within "line-of-sight" communication (although a 

5 waveguide can transmit Ught to a line-of-sight region), e.g., arouod bends, comers, and 
similar obstacles without substantial losses. 

In some embodiments, a waveguide may include a "core" region of material 
embedded or surroxmded, at least in part, by a second "cladding" material, which may have 
a lower refractive index. The core may have any shape, for exanxple, a slab, a strip, or a 

1 0 cylinder of material. 

The waveguide, or at least a portion of the waveguide, may be fashioned out of any 
material able to transmit or light to ox from the reaction site. The waveguide may be 
substantially transparent, or translucent in some cases. In some embodiments, the 
waveguide may be formed out of a silicon-based material, for example, glass, ion-implanted 

15 glass, quartz, silicon, silicon oxide, silicon nitride, silicon carbide, polysiUcon, coated glas s, 
conductive glass, indium-tin-oxide glass and the like. In other embodiments, the waveguide 
may comprise other transparent or translucent organic or morganic materials. For example, 
in certain embodiments, tihie waveguide may comprise a polymer including, but not limited 
to, polyacrylate, polymethacrylate, polycarbonate, polystyrene, polypropylene, 

20 polyethylene, polyimide, polyvinylidene fluoride, an ion-exchanged polymer, and 
fluorinated derivatives of the above. Combinations, blends, or copolymers are also 
possible. 

In one embodiment, the waveguide or a portion thereof noiay be surrounded by or 
coated with a highly reflective material, for example, silver or aliaminum. In another 

25 embodiment, the waveguide may be fashioned such that it compi-ises a central material (e. g., 
a core) having a first index of refraction, and a surrounding mateiial (e.g., a cladding) 
having a second index of refraction. The cladding may have an iondex of refraction that is 
less than the index of refraction of tbie central material. In yet another embodiment, the 
index ofrefiractionofthe core or the claddingmay vary over the cross section. As one 

30 example, the core may be a graded index optical fiber, where the index of refraction is 
generally highest near the center of the core. 
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Under these conditions, a substantial portion of the light traveling through the 
central material may be internally reflected (''total internal reflection") as a result of this 
refractive index difference. Electromagnetic radiation entering one end of the waveguide 
may be confined to the central region due to the phenomenon of total internal reflectioii art 
5 the core-cladding boundary. The light may be transported throvagh the core, without 
significant absorption by the cladding material or other sunx)unciing materials, until it 
reaches the end of the waveguide, or a predetermined region of "the waveguide that light is 
allowed to exit from. Light traveling through the central material may be directed around, 
comers and other obstacles without a significant loss of mtensit:y, for example, with an 
10 attenuation coefQcient of less than about 10 db/cm or 20 db/cm^ In another embodiment, 
the waveguide may have more than one central material or more than one surrounding 
material. 

As one example of a waveguide, both the central and surrounding materials formiiig 
the waveguide may each be a glass. As another example, a waveguide may be formed ou_t 

15 of a polymer and a silicon-based material, such that the material with the lower mdex of 
refraction surrounds the material with the higher index of refraction. As yet another 
example, the waveguide may be coastructed out of a single material surrounded by, for 
example, air or a portion of the chip having a higher index of redfraction than the waveguicde, 
thus resultiag in a condition where total internal reflection may occur at the waveguide/aiar 

20 or waveguide/chip mterface. 

The Avaveguide may be constructed by any suitable technique known to those of 
ordinary skill hi the art, for example^ by milling, grinding, or machining (e.g., by cutting or 
etching a channel into a chip substrate, then depositing material into the channel, optionaLly 
using a sealant). The waveguide may also be formed, for example, by depositing layers of 

25 materials during the chip fabrication, process. The deposited material, in some cases, can 
have a higher index of refraction than the surrounding reactor substrate, thus forming a 
general core-cladding structure, as previously described. The w^aveguide may also be 
constructed "by laser etchuag of materials forming the chip, such as glass or plastic, in sucti a 
way as to manipulate/alter the refractive index, relative to the siirrounding material. In 

30 some cases, the refractive index of the etched/non-etched portio ji may be controlled so as to 
create a core-cladding structure. 
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In some embodiments, the light-interactzing component may be, or include, a source 
of light The light source may be any light souirce in optical communicatioo with the 
reaction site. For example, the light source ma^^ be external or ambient light, a coherent or 
monochromatic beam of light such as created in an LED, or a laser such as a semiconductor 
5 laser or a quantum well laser. The light source may be integrally connected, with a portion 
of the chip, for example, in a laser diode fabricated as part of the chip, or the light source 
may be separate from the chip and not integrall^^ connected with it, but still positioned so as 
to allow optical communication with the reaction site. The light source may produce a 
single wavelength or a substantially monochrorznatic wavelength, or a wide xange of 

1 0 wavelengths, as previously described. The souarce of light, in certain embodiments, may 

also be generated in a chemical reaction or a biological process, such as a clnemical reaction 
that produces photons, for example, a reaction involving GFP ("green fluorescence 
protein") or luciferase, or through fluorescence or phosphorescence. For ex:ample, incident 
electrons, electrical current, friction, heat, chenaical or biological reactions may be applied 

15 to generate light, for example, within a sample located within a reaction site, or from a 
reaction center located within the chip in optical commxmicatidn with the reaction site. 

In certain cases, the light-interacting component may include a filter", for example, a 
low pass filter, a high pass filter, a notch filter, a spatial filter, a wavelength-selecting filter, 
or the like. The filter may be able to, for example, substantially reduce or eliminate a 

20 portion of the incident light. For example, the filter may eliminate or substantially reduce 
light having a wavelength below about 350 nm or greater than about lOOO nan. In another 
embodunent, the filter may be able to reduce noise within the incident lights or increase the 
signal-to-noise ratio of the mcident light. In stL 11 another embodiment, the jEilter may be able 
to polarize the incident light, for example, linearly or circularly. 

25 In some embodiments, the light-interacting component may include an optical 

element in optical communication with the reaction site. As used herein, an "optical 
element" refers to any element or device able to alter the pathway of light entering or 
exiting the optical element, for example, by focusmg or coilimating the lightt, or causing the 
light to diverge. For example, the optical element may focus the mcident light to a single 

3 0 point or a small region, or the- optical element may collunate or redirect divergent beams of 
light to form a parallel or converging beams of light. The term "focus" generally refers to 
the ability to cause rays of light to converge to ^ point or a small region. The term 
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"coUimate" generally refers to the ability to increase the convergence of rays of light, not 
necessarily to a point or a small region, for e:xample, such that the beam focuses at an 
infinite distance. As one example, diverging beams of light may be collimated into parallel 
beams of light. In certain embodiments, the optical element may disperse or cause light to 
5 diverge, for example, as in a diverging lens. In other embodiments, the opticEil element may 
be, for example, a. beamsplitter, an optical coating (e.g., a dichroic, an antireflective, or a 
reflective coating), an optical gratmg, a diffraction grating, or the like. 

In one set of embodiments, the optica.1 element may be a lens. Ttie lens may be any 
lens, such as a converging or a diverging lens. The lens may be, for example, a meniscus, a 

10 plano-convex lens, a plano-concave lens, a double convex lens, a double? concave lens, a 
Fresnel lens, a spherical lens, an aspheric lens, a binary lens, or the like. The optical 
element may also be a mirror, such as a planar mirror, a curved mirror, a. parabolic mirror, 
or the like. In other embodiments, the optical element may cause hght to disperse, for 
example, as m a diffraction grating or a prism. 

15 In certain cases, a material having a different index of refraction xnay be used. For 

example, in embodiments in which light readies the optical element thrc^ugh a waveguide, 
the optical element may be a material having a different index of rejfraction than the 
waveguide. In some cases, the index of refra.ction of the optical element will be about the 
same as or more tlian the index of refraction of the waveguide. 

20 In some cases, a material having a graded index of refraction (a '''GRIN" material) 

may be used as an optical element. The GRZN material may minimize thie amount of 
divergence inherent in light reaching the GRIN material. For example, a. material of 
uniform thickness can be made to act as a lens by varying its refractive index along a cross 
section of the element. In one embodiment, -the GRIN material may redlTCct divergent rays 

25 of light into a parallel arrangement. In another embodiment, the GRIN material does not 
necessarily have a uniform thickness, and a oombination of the graded index of refraction of 
the material and the shape of the material may be used to focus or collinxate the light. 

The light-interacting component, in some embodiments, may include a component 
that is able to conA^ert light to electricity, such as a photosensor or photocaetector, a 

30 photomultiplier, a. photocell, a photodiode such as an avalanche photodiode, a photodiode 
array, a CCD chip C'charge-coupled device") or the like. The component may be used, in 
some cases, to determine the state or condition of a substance within a reaction site, for 
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example, through emission (including fluorescence or phosphorescenc-e), absorbance, 
scattering, optical density, polarization measurements, or other measuirements, including 
using the human eye. 

In other cases, the light-interacting component may be used for imaging purposes, 

5 for example, to image a portion of a cell or other material located at or" near the reaction site, 
or to determine Avhether a cell has adhered to a surface. 

In some cases, the light-interacting component may be used to produce electricity. 
In one embodiment, a photocell may be integrally fabricated within the chip using one or 
more layers comprising semiconductor materials. 

10 In some embodiments, light may be directed to the reaction site, for example, to 

activate or inhibit a chemical reaction. For example, a reaction may require the use of light 
for activation, or a light-sensitive enzyme may be inhibited by applyintg light to the enzyme. 
In certain embodiments, light dkected to the reaction site may be used as a probe or a signal 
source. The light may be delivered in a controlled manner to the reacliion site in certain 

15 embodiments, for example, so that the light reaching the reaction site lias a specific 
wavelength, polarization, or intensity. 

In some embodiments, a portion of the light arising jfrom the reaction site may be 
detected and analyzed. The light arising jfrom the reaction site may be reflected or refi-acted 
light, for example, light directed to the reaction as previously described, or the light may be 

20 produced through physical means, for exainple, through fluorescence er phosphorescence. 
In certain embodiments, the light may be generated within the reaction site, as previously 
described. Light from the reaction site may be analyzed using any suitable analytical 
technique, for example, infrared spectroscopy, FTIR ("Fourier Transform Infrared 
Spectroscopy")^ Raman spectroscopy, absorption spectroscopy, fluor&scence spectroscopy, 

25 optical density, circular dichroism, light scattering, polarimetry, refractometry, turbidity 
measurements, quasielectric light scattering, or any other suitable techiniques. In another 
embodiment, imaging of the reaction site may be performed, for example usmg optical 
imaging, or infrared imaging. 

In some embodiments of the invention, a reactor and/or a reaction site within a chip 

30 may be constructed and arranged to maintain an environment that promotes the growth of 
one or more types of living cells, for example, simultaneously. In sonne cases, the reaction 
site may be provided with fluid flow, oxygen, nutrient distribution, etc, conditions that are 
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similar to those found in living tissue, for example, tissue that the cells originate from. 
Thus, the chip may be able to provide conditions that are closer to />7 vivo than those 
provided by batch culture systems. In embodiments where one or more cells are used in the 
reaction site, the cells may be any cell or cell type, for instance a prolcaryotic cell or a 
5 eukaryotic cell. For example, the cell may be a bacterium or other single-cell organism, a 
plant cell, an insect cell, a fimgi cell or an animal cell. If the cell is sl single-cell organism, 
then the cell may be, for example, a protozoan, a trypanosome, an amoeba, a yeast cell, 
algae, etc. If the cell is an annual cell, the cell may be, for example^ an invertebrate cell 
(e.g., a cell from a fruit fly), a fish cell (e.g., a zebrafish cell), an anxphibian cell (e.g., a frog 

10 cell), a reptile cell, a bird cell, or a mammalian cell such as a primate cell, a bovine cell, a 
horse cell, a porcine cell, a goat cell, a dog cell, a cat cell, or a cell Srom a rodent such as a 
rat or a mouse. If the cell is from a multicellular organism, the cell may be from any part of 
the organism- For instance, if the cell is fiom an animal, the cell ma,y be a cardiac cell, a 
fibroblast, a Iceratmocyte, a heptaocyte, a chondracyte, a neural cell, a osteocyte, a muscle 

15 cell, a blood cell, an endothelial cell, an immune cell (e.g., a T-cell, a B-cell, a macrophage, 
a neutrophil, a basophil, a mast cell, an eosinophil), a stem cell, etc. In some cases, the cell 
may be a genetically engineered cell. In certam embodiments, the c^ll may be a Chinese 
hamster ovarian ("CHO") cell or a 3T3 cell. In some embodiments, more than one cell type 
may be used simultaneously, for example, fibroblasts and hepatocytes. In certain 

20 embodunentS:, cell monolayers, tissue cultures or cellular constmcts (e.g., cells located on a 
non-living scaffold), and the lilce may also be used in the reaction sit:e. The precise 
environmental conditions necessary in the reaction site for a specific cell type or types may 
be determined, by those of ordinary skill in the art. 

In some instances, the cells may produce chemical or biological compounds of 

25 therapeutic and/or diagnostic interest, for instance, in nanogram, microgram, milligram or 
gram or higher quantities. For example, the cells may be able to produce products such as 
monoclonal antibodies, proteins such as recombinant proteins, amino acids, hormones, 
vitamins, drug or pharmaceuticals, other therapeutic molecules, artificial chemicals, 
polymers, tracers such as GFP ("green fluorescent protein") or luciferase, etc. In one set of 

30 embodiments^ the cells may be used for drug discovery and/or drug <levelopmental 

purposes. For instance, the cells may be exposed to an agent suspec^ted of interacting with 
the cells. Non-limiting examples of such agents include a carcinogenic or mutagenic 
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compound, a synthetic compound, a hormone or hormone analog, a vitamin, a tracer, a drug 
or a pharmacexitical, a virus, a prion, a bacteria, etc. For example, in one embodiment, the 
invention may be used in automating cell culture to enable high-throughput processing of 
monoclonal antibodies and/or other compounds of interest. In anotbier embodiment, the 

5 invention may be used to screen cells, cell types, cell growth conditions, or the like, for 
example, to determine self viability, self production rates, etc. In serine cases, the invention 
may be used in high through put screening techniques. For example;, the invention may be 
used to assess the effect of one or more selected compounds on cell growth, normal or 
abnormal biological function of a cell or cell type, expression of a pxotein or other agent 

10 produced by the cell, or the like. The invention may also be used to investigate the effects 
of various environmental factors on cell growth, cell biological func-tion, production of a 
cell product, etc. 

In certain cases, a reactor and/or a reaction site within a chif> may be constructed and 
arranged to prevent, facilitate, and/or determine a chemical or a biochemical reaction with 

15 the living cells within the reaction site (for example, to determine tlxe effect, if any, of an 
agent such as a drug, a hormone, a vitamin, an antibiotic, an enzyme, an antibody, a protein, 
a carbohydrate, etc. on a living cell). For example, one or more agents suspected of being 
able to interact with a cell may be added to a reactor and/or a reaction site containing the 
cell, and the response of the cell to the agent(s) may be determined, using the systems and 

20 methods of the invention. 

In sonoie cases, the cells may be sensitive to light. For example, the cell may be a 
plant cell that responds to a light stimulus or is photosynthetic. In ajuother embodiment, the 
light may be used to grow cells, such as inammalian cells sensitive to light, or plant cells. 
In yet another embodiment, the cell may be a bacterium that is attra<:ted to or is repelled by 

25 light. In another embodiment, the cell may be an annual cell having a light receptor or other 
light-signaling response, for example, a rod cell or a cone cell. In yet another embodiment, 
the cell may be a genetically engineered cell having a light receptor or another light- 
sensitive molecule, for example, one that decomposes or forms reactive entities upon 
exposure to light, or stimulates a biological process to occur. In othner cases, the cell may be 

30 insensitive to light; light applied to the chip may be used for analysis of the cells, for 

example, detection, imaging, countuig, morphological analysis, or spectroscopic analysis. 
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In still other cases, the light may be used to kill the cells, for example, directly, or by 
inducing an apoptotic reaction. 

In some embodiments, the chip may be constructed and arr^ged such that cells 
within the cbip can be maintained in a metabolically active state, for example, such that the 
5 cells are able to grow and divide. For instance, the chip may be constructed such that one or 
more additional surfaces can be added to the reaction site, for example, as in a series of 
plates, or the chip may be constructed sxach that the cells are able to divide while remaming 
attached to a. substrate. In some cases, the chip may be constmcted such that cells may be 
harvested or removed jfrom the chip, for example, through an outlel: of the chip, or by 

10 removal of a. surfece from the reaction site, optionally without substantially disturbing other 
cells present within the chip. The chip may be able to maintain thes cells in a metabolically 
active state for any suitable length of time, for example, 1 day, 1 week, 30 days, 60 days, 90 
days, 1 year^, or indefinitely in some cases. 

In one aspect, the present invention provides any of the above-mentioned chips 

15 packaged in kits, optionally including instructions for use of the cttips. That is, the kit can 
include a description of use of the chip, for example, for use with a. microplate, or an 
apparatus adapted to handle microplates. As used herein, "instmctions" can define a 
component of instruction and/or promotion, and typically involve written instructions on or 
associated w^ith packaging of the invention. Instructions also can include any oral or 

20 electronic instructions provided in any manner such that a user of tlie chip will clearly 

recognize that the instructions are to be associated with the chip. Additionally, the kit may 
mclude other components depending on the specific application, for example, containers, 
adapters, syringes, needles, replacement parts, etc. As used herein-, "promoted" includes all 
methods of doing business including methods of education, hospital and other clinical 

25 instruction, scientific inquiry, drug discovery or development, academic research, 

pharmaceutical industry activity including pharmaceutical sales, arad any advertising or 
other promotional activity including written, oral and electronic communication of any 
form, associated with the mvention. 

The function and advantage of these and other embodiments of the present invention 

30 will be more fiilly understood fi-om tiie examples below. The following examples are 
mtended to illustrate the benefits of the present invention, but do not exemplify the fiill 
scope of the invention. 
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^ Example 1 

In this example, a chip, as illustrated generally in Fig. 5 A., was prepared in 
accordance with an embodiment of the invention. 

A first chip layer havuig associated fluidic channels, ports, chambers, other reaction 
5 sites, etc. therein was injection molded or machined fi:om a stock sheet of acrylic or 

polycarbonate. This first layer was attached to a machined or injection molded flat bottom 
plate (also acrylic or polycarbonate) by means of a pressure-sensitive silicone adhesive 
(Dielectric Polymers). A 0.2 micrometer pore size membrane (O smonics, Minnetonka, 
MN) was also attached to the top side of the first layer by means of the pressure-sensitive 
10 siUcone adhesive. 

A second chip layer (including chamber top) having associated fluidic channels, 
ports, chambers, other reaction sites, etc. therem was cast in a mold using PDMS. This 
second layer Avas fashioned to be alignable with the first chip layer. The second layer was 
aligned with the chambers in the first chip layer and attached by means of the pressure- 
15 sensitive silicone adhesive, forming a <:ompIeted chip. The PDMCS top could fianction as a 
septum or a self-sealing membrane by itsell^ or in some cases, an additional partial layer of 
PDMS could be bonded over an inlet or outlet of the chip using tlie pressure-sensitive 
adhesive. 

Example 2 

20 In this example, an embodimeot of this experiment was used to demonstrate pH 

sensing. 

Several chips similar to the on© described in Example 1 were prepared. Each chip 
included a predetermined reaction site as defined by a chamber w^ithin the chip. The 
chamber depth of the bottom chamber (i.e., the distance of the ch_amber firom the surface of 
25 the chip) was about 3 mm. 

Fourteen solutions of 0. 1 M phiosphate buffer (K2HPO4/ICH2PO4, both fi-om Sigma- 
Aldrich, Milwaukee, WI) having differing pH were prepared with 5 micromolar solution of 
CDMF. CDMF (5(6)-carboxy-2',7'-dimethoxyfluorescein; Helix Research, Springfield, 
OR) is a fluorescent pH dye. A series of reaction sites on three different chips were each 
30 filled wilh the CDMF solutions. 

The fluorescent intensity ('T') of the CDMF solutions in each chamber within each 
chip was measured upon excitation at -two wavelengths, 510 nm and 450 nm. The light 
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sources used for excitation were high intejisity light-emitting diodes (LEDs, LXHL-BEOl 
and -BR02; Luixiileds, San Jose, CA). TTxe LED light was placed in optical communication 
with a 600 micron diameter optical fiber (T600-2, Ocean Optics) by a lens (74-UV, Ocean 
Optics), then directed to the chip. The enititted light was collected b^^ a 25.4 mm f-1 lens 
5 (Thorlabs, Newton, NJ) and optically cornmtmicated to another 600 micron fiber which, in 
turn, was in optical communication with a computer-controlled spectrophotometer (USB- 
2000F, Ocean Optics). The emission intensity reported in both cases was measured at 560 
nm. 

Sample results fi-om these experimtents are shown in Fig, 13 Avhere the ratio of 
10 intensities was plotted versus the solution pH. Intensities were measured at 560 nm upon 
excitation by 45 0 nm light (l450nm) and 5 1 Onm light (Isionm), and the ratio of these values 
was plotted as (X^sonm/Isionm). The response of the fluorescent signal was found to correlate 
well with pH over the range of at least about 6 to at least about 8. 

Thus, this experiment demonstrating the capability of optically addressing one 
15 embodiment of the invention to measure and control pH using ratiometric fluorescence 
techniques. 

Example 3 

This example illustrates the preparation of a chip in accordance with an embodiment 
of the invention - 

20 A chip layer having associated fluidic channels, ports, chambers, etc. therein was 

cast in polydimethylsiloxane (PDMS, Sylgard 184, Dow Coming, MOdland, MI) using a 
machined alumixium mold. The PDMS la3^er was cured at 90 °C for 20 minutes. The 
PDMS layer was attached to a bottom plate by means of a pressure sensitive silicone 
adhesive layer (Dielectric Polymers, Holyoke, MA). The bottom plate was made of acrylic 

25 or polycarbonate and was machmed finom sheet stock or injection molded. The layers were 
bonded by compressing the layers in a hydraulic press (Carver, Wabash, IN), forming the 
completed chip. The PDMS top could fimction as a septum itself, or in some cases, an 
additional partial layer of PDMS could be bonded over an inlet or oixtlet of the chip using 
the pressure sensitive silicone adhesive. 

30 E^cample 4 

This example illustrates the control of the pH within a reaction site of a chip, 
according to another embodiment of the irxvention. 
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Multiple chtips similar to the one described in Example 3 were prepared using 
PDMS, having a geometry similar to the emtodiment illustrated in Fig. 3, Each chip 
included three predetermined reaction site defined by a chamber within "the chip. The 
chamber depth (distance from the surfece of the chip) was 500 microns. 
5 Three chambers of one chip were each filled with a solution of 5 0 micromolar 

chlorophenol red dye (Sigma-Aldrich, Milwaukee, WI). Cholorphenol ired is known to 
undergo a color change from yellow to purple as the solution gets more "basic (i.e., as the pH 
of the solution increases). This color change can be monitored by measraring the absorbance 
of the solution at a wavelength of 574 nm. 

10 The pH of the reaction sites within thie chips was determined optically. The light 

source (tungsten halogen; LH-1; Ocean Optics) was connected to an opi:ical fiber (PlOO-2; 
Ocean Optics) which terminated with a coUimating lens (74-UV; Ocean Optics) (these 
components are not shown on Figure 15). The optical fiber assembly delivered light 310 to 
the reaction site 320. The transmitted light 315, now at least partially attenuated by the 

15 turbidity of sample 325 within reaction site 320, was collected with another collimating 
lens/fiber assembly (not shown) which trariSTnitted it to a computer-controlled 
spectrophotometer 330 (USB-2000; Ocean Optics) The optical density C*'OD") was 
calculated as OD = log(I/Io). 

To control the pH within predetermined reaction site 320, a small amount (about 20 

20 microliters) of ammonia solution (Sigma-Aldrich, Milwaukee, WI) was placed on top of the 
chip, generally proximate reaction site 320. The light absorbance at 574- nm of the reaction 
site was monitored over the course of two hours. Three concentrations of ammonia were 
used, as shown in Fig. 14: 4.0 M NH4OH (•), 1.5 M NH4OH (■) and a control, water (A). 
In Fig. 14, the optical density at 574 nm was plotted versus time for the "three solutions, 

25 using 50 micromolar chlorophenol red as the pH indicator. Initial and fiLnal pH values were 
estimated firom the observed change in OD. 

It was found that volatile ammonia was able to permeate PDMS and enter the 
reaction site, thereby substantially increasing the pH of the solution within the reaction site 
through gaseous non-liquid transport througli the PDMS, i.e., without ntaking direct liquid 

30 contact to the liquid within the predetermined reaction site. It was also demonstrated that 
both the total change in pH and the rate of change within the predetermiaied reaction site 
could mdependently be controlled by adjusting the concentration of ammonia. By adjusting 
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the thickness of the cover and the permeability of the cover material, th.e rate of pH change 
within the reaction site was also controlled. 

Similar results, where the pH was controllably lowered instead of raised, were also 
demonstrated using methods similar to those described above. In those experiments, acetic 
5 acid was used as the pH-altering agent. 

Ex:ample 5 

This example illustrates an embodiment of the invention as used to adjust the pH 
within a predetermined reaction site while avoiding any liquid contact tlierein. 

A microreactor was constructed out of polydimethylsiloxane (PDMS). This 

10 particular device had a footprint of 127.77 mm by 85.48 mm, generally the same size as a 
96 microwell plate. This particular device Avas assembled by combining the various layers 
of materials, membranes, and barrier/interface layers to form a stacked composite structure 
havmg a 200 microliter chamber, as described in Example 1. 

The pH of the chamber was monitored using a pH-altering agent, chlorophenol red, 

15 within the cell culture chamber. The emission spectra of the chamber vs^s recorded every 
10 seconds for about 90 minutes. At an initial time, a drop of ammonia. (20 microliters, 4.0 
M) was placed on a thin layer of PDMS covering the chamber. The am jmonia gas was 
allowed to diffuse as a gas across the PDMS to enter the chamber, thus illustrating gaseous 
non-liquid transport of an agent to the predetermined reaction site. 

20 A plot of the optical density of the chamber with respect to time of this experiment 

is shovm in Fig. 1 6, for wavelengths of 480 nm, 574 nm, and 700 nm. wavelength of 480 
rm is indicative of the agent chlorophenol red, with higher optical density values indicating 
more alkaline conditions. These data show a rapid increase in the optical density at 574 nm 
over a period of about 3 minutes, beginning at about 5 minutes, indicationg a rapid change in 

25 pH to more alkaline conditions during the experiment. In this experioient, the pH m the 
chamber was observed to rapidly increase from an initial value of 4.35 to a final value of 
10.5. 

Thus, this example illustrates the controlled alteration of the pH of a chamber 
without directly contacting the chamber with a liquid. 
30 Exiample 6 

This example illustrates the ratiometric determination of the pH within a reaction 
site of a chip according to an embodiment of the invention. 
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A chip was prepared using methods similar to those in Exainple 1. A pH sensor for 
the chip was constructed by immobilizing a fluorescent, pH-sensitiv^e dye in a gel. The gel 
was prepared as follows. A stock solution of 15 ml tetraethoxysilanie (TEOS) and 20 ml 
ethanol (both from Sigma-AIdrich, Milwaukee, WI) was prepared aaid kept sealed until use. 
5 To make the sol/gel, 1 ml of the TEOS solution was mixed with 1 ml of 500 micromolar 
solution of carboxyfluorescein (Sigma-AJdrich) in a 1:1 solution of ethanol and water. To 
this mixture, O.l ml of 0.5 M hydrochloric acid (Sigma-Aldrich) wa.s added to catalyze 
formation of the sol/gel. Aliquotsof20 microliters of the catalyzed mixture were pipetted 
into small wells (500 microns deep) in the bottom plate. The plates with the sol/gel mixture 

10 were then allowed to gel over 48 hours in a humid environment. After the gel completely 
cured, the carboxyfluorescein dye was immobilized on the bottom plate. 

The gel was placed in fluidic cootact within the reaction site , Solutions having 
known pH values were added into the reaction site. The fluorescence of the gel in contract 
with the reaction site, indicative of the pH within the reaction site, was monitored using a 

15 ratiometric fluorescent procedure. In this procedure, the fluorescent response of the pH- 
sensitive dye at two different wavelengtbs (510 and 480 nm) in resp onse to the pH was 
determined using a cormnercially-available UV-visible spectrometex. By using solutions 
having different knovm pH's within the reaction site, the ratio of the; response at 510 nm and 
the response of 480 nm was shown to be proportional to the pH of ttie solution, thus 

20 demonstrating ratiometric determmatiort of the pH within a reaction site. 

Example 7 

In this example, control of the pH within a reaction site of a chip was demonstrated 
according to one embodiment of the invention. 

A.chip similar to the one described in Example 1 was attached to a control system. 

25 A computer was used to record the pH values determined using the xatiometric procedure 
described above, and, using a control algorithm, the computer was a_ble to determine 
whether control action to adjust the pH withm the reaction site was necessary. When the 
computer determined that a control action was required, a fluidic coxmection was 
established between the chip and an external pumping system by opening a valve that 

30 connected the chip to the external pumping system. The external pixmping system was then 
allowed to add an amount of an acid (e.g., ammonium hydroxide) or- a base (e.g., acetic 
acid) to adjust the pH of the fluid within the reaction site to the reqaired set-point. The 
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amount of acid or base to be added was determined by the computer using the control 
algorithm. 

Example 8 

In this example, control of the pH within the reaction site was demonstrated in 
5 accordance with another embodiment of the invention. 

A chip similar to the one described in Example 1 was attachied to a control system. 
A fluorescent, pH-sensitive dye was immobilized in a gel in accordance with Example 6, 
and a computer was connected to the chip, sunilar to the method described in Example 7. 
When the computer determined that a control action was required to adjust the pH within 
10 the reaction site, the computer caused a fluidic system to dose a detiermined amount of 
ammonium hydroxide (base) or acetic acid (acid) on a permeable nnembrane m fluid 
communication with the reaction site. Control of the pH was then achieved by the action of 
acid or base diffusing through the membrane to enter the reaction site. 

Example 9 

15 This example illustrates various chips of the invention form^ed from multiple layers 

of dissimilar materials. A variety of adhesives were used to fix the interface layers to the 
rigid cell culture or sealing layers depending on the materials invoWed. One adhesive used 
for bonding PDMS to polycarbonate was a two-part urethane epox3^ mixed with un-cured 
PDMS. The adhesive process used to bond rigid polycarbonate layers to each other was 

20 either sonic welding or a heated press. The reaction site was designed to be about 200 
microns thiclc and had a volume of roughly 20 microliters. 

In this example, a chip 280 having reaction site 240 was febricated. As shown in 
Fig. 17A, a polycarbonate layer 244 was attached to PDMS layer 242. A gap within PDMS 
layer 242 defined reaction site 240 when the chip was assembled, shown in Fig. 17A. 

25 PDMS layer 242 was attached to polycarbonate layer 244 using the above-described two- 
part urethane epoxy mixed with un-cured PDMS. 

A similar chip is illustrated in Fig, 17B. In this figure, reaction site 240 was defined 
by layer 245 5 which was a thin, rigid layer of polycarbonate. Between layers 242 and 245 
was a gas-permeable film 246 (BIOFOIL® made by VivaScience)- Layers 244, 245, 246 

30 and 242 of chip 80 were jomed usmg the above-described adhesive processes. 
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Example 10 

This example illustrates various chips of the invention formed from multiple layers- 
of dissimilar materials. A variety of adhesives were used to fix tbe interface layers to the 
rigid cell culture or sealing layers depending on the materials involved. One adhesive used 

5 for bonding PDMS to polycarbonate \?vas a two-part urethane epoxy mixed with un-cured 
PDMS. The adhesive process used to bond rigid polycarbonate layers to each other was 
either sonic welding or a heated press . The reaction site was designed to be about 200 
microns thick and had a volume of roughly 20 microliters. 

The fabrication of the chips illustrated in Figs. 18A and 1 8B were sfanilar to those 

10 described in Example 9, including the adhesion methods. In Fig^. 18A, the reservoir layer 
248 was fashioned from polycarbonate and was positioned between gas-permeable film 24-6 
(BIOFODL®) and polycarbonate layer 244. Reservoir layer 248 has a gap (i.e., a hole or a 
partially tiollowed out space) that defines reaction site 50, which, v^as a reservoir in this 
example. In Fig. 18A, the reaction site 240 was defined by a gap interface layer 242. 

15 In Fig. 18B, polycarbonate layer 248 was used to define xeaction site 250. 

Additionally, a second gas-permeable membrane 249 (BIOFOIL®) was used between 
polycarbonate layer 245 (defining reaction site 240) and polycarlDonate layer 248. 

Example 1 1 

Thiis example illustrates the fa-brication of an embodiment of the invention without 
20 using adhesive materials. The reaction site was designed to be a.bout 200 microns thick an <i 
had a volume of roughly 20 microliters. 

The layout of this example, illustrated in Fig. 19, is similar to that illustrated in Fig- 
18B of Example 10, except that an additional compression layer 252 was used to 
mechanically hold the other layers in place. No adhesive materials were used in this 
25 example. Instead, screws 253 extending from polycarbonate layer 252 through the other 
layers of the chip were secured to layer 244 to fabricate chip 280. 

Example 12 

la this example, an embodiment of the present invention is illustrated as used in a 
chip sealed by a membrane having a permeability to oxygen high enough to allow culture of 
30 living cells. The amount of oxygen requhed in this example is a function of the number of 
cells present and the oxygen requirements for the cells' metabolism. This is illustrated in ttie 
equations 2-4 below. 
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r = Ad (2) 
p ^ nrdl 

Pin "Pout (3) 

5 

I At (4) 

In these equations, P represents the permeability (typically measured in units of cm^sip 
mm/m^ atm day), A is the area (typically measured in m\pi„ is the oxygen partial pressuire 

10 in the chip (typically measured in atnx), povt is the oxygen partial pressure outside the chip 
(typically measured in atm), / is the membrane thickness (typically measured m 
micrometers). Vis the volume of the chip (typically measured in microliters), d is the cell 
culture chamber depth (typically measured ui micrometers), n is the cell density (typicall>^ 
measured in cell/ml), and r is the specific oxygen demand per cell (typically measured in 

15 02/cellh). 

Equation 4 represents a mass balance equating oxygen consumed by the growing 
culture to that available via difiiision through the film. Equation 2 sets the volume of the 
culture chamber equal to cross sectiooal area of the membrane contacting the chamber eqtaal 
area out of both sides. Rearrangement yields Equation 3, thus expressing the minunura 

20 oxygen permeability needed to sustain cells of a given population density and metabolic rate 
as a function of film thickness and chamber depth 

Values for P generally depend on the polymer and the permeant system, and were 
varied in ttiis example for oxygen between 39,000 (cm^sTP nurx/m^ atm day) for silicon to 
0.01 (cm^sTP mm/m^ atm day) for EV-A; pi„ was varied between 0.05 atm and 0.2 atm, anc3 

25 Pout was assumed to be 0.2 atm. The film thickness, /, was varied between 1 micrometer arid 2 
mm. F was held to be less than 1 ml, and the cell culture depth, rf, ranged between 30 
micrometers and 2 irmi. The cell density, w, was assumed in this example to be between 1 0^ 
cells/ml arLd 10^ cells/ml for mammalian cells and between lO^cells/ml and 10^* cells/ml for 
bacteria. The specific o>iygen demand per cell ranged betweeo 0.5 and 5x10"'^ mol Oa/cel 1 h. 
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Equations 2-4 were then used to generate Figs. 20 and Fig. 21 . Fig. 20 is a gra.ph of 
oxygen permeability requirements for bacterial cell culture as a function of film thickness 
and device geometry. Fig. 21 is a graph of oxygen permeability requirements for bact:erial 
cell cultaire as a fimction of film thickness and device geometry. In both figures, flat 

5 horizoirtal lines represent the permeability of likely membxane or thin film construction 
materials, while diagonal lines represent the highest and lowest expected oxygen 
requirement. In these figures, n, thie cell density, and r, the specific reaction rate, were set to 
the highiest and lowest values, and the partial pressure differential (pm-pout) was set to O.05 
atm. Ttie required permeability was then linear in the product ofd, the chip depth and I, the 

10 thickne ss of the covering film. 

Example 13 

This example illustrates the use of an embodiment of the invention to detennirae the 
turbidity of a solution. This example generally corresponcas to the common practice of 
measuring cell density of bacterial cells by nephelometry (light scattering measured at: 90^ 

15 to the primary beam). See, generally. Methods for General Bacteriology, P. Gerhardt,. Ed., 
1981 W^ashington D.C. p. 197. 

^ chip having an integrated waveguide was constructed as follows. The top layer of 
the chip was prepared and cast with polydimethylsiloxane (PDMS, Sylgard 184, Dow 
Coming, Midland, MI) using a machined aluminimi mold. 

20 ^ short section of polymeric waveguide (500 microns square, acrylic; South Coeist 

Fiber, AJachua, FL) was laid in the machined aluminum mold such that one end abutted the 
edge or the mold and the other end extended to the edge o jf the mold. Fluid PDMS was 
poured into the mold and allowed to cure. The PDMS was cured at 90 '^C for 20 mintates, 
immobilizing the waveguide in the chip and creating a light path from the edge of the chip 

25 to a predetermined reaction site, a chamber. The cured PDMS layer was adhered to a flat 
polystyrene bottom layer, forming the completed chip (the PDMS layer spontaneously^ 
adhered to the polystyrene layer). The depth of the chamber form the surfece of the dip 
was about 1 mm. 

Light scattermg was measured from a series of turbid solutions contained in tixe 
30 above .ohip. With reference to Fig. 22, the output of a heiixim-neon laser (05-LHP-99X, 
wavelength = 632.8 nm; Melles Griot Lasers, Carlsbad, C^) was focused onto the enc3 of 
wavegLtide 540 which transmitted the light to the reaction site 520. The detector 530 
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consisted of a coUimating lens (74-UV fl2 lens; Ocean Ojjtics, Dunedin, FL), an opti<;al 
fiber (P600-2, 600 micron dia.; Ocean Optics), and an atteched spectrophotometer (USB- 
200OF; Ocean Optics). He detection angle was -90° from the axis of the waveguides. 

The reaction site was filled with a series of turbid solutions of non-dairy coffee 
5 creamer (Sugar Foods, New York, NY) which had absort?ance values at 632 nm ranging 
from O.05 to 1.85. A plot of scattered light intensity (63Z nm) vs. relative concentration is 
given in Figure 23. Linear correlation was observed for tlie solutions with optical density 
values ranging from 0.05 to 0.5. At higher concentrations, the scattered light response 
became non-linear. 
10 Example 14 

This example demonstrates an optically addressah>le reaction site, in accordan.ce with 
an embodiment of the invention. 

A chip was prepared using methods similar to tho se in Example 13. The chips used 
in this experiment were generally prepared. The distance of the reaction site from th^ 
15 surface of the chip was about ZOO microns. As discussed below, the chip was optically 

addressed to measure optical density, using an arrangement similar to that pictured in Figure 
15. 

The light source (tungsten halogen, LH-1; Ocean Optics) was connected to ao 
optical fiber (PI 00-2; Ocean Optics) which terminated with a coUimating lens (74-irV; 

20 Ocean Optics) (not shown in Fig. 15). The optical fiber assembly delivered light 3 lO to a 
reaction site 320. The transmitted light 315, now at least partially attenuated by the 
turbidity of sample 325, was collected with another coUimating lens/fiber assembly C:not 
shown) which in turn transmitted to detector 330, a computer-controlled spectrophotometer 
(USB -2000; Ocean Optics). The optical density was cateulated as OD = log(I/Io). 

25 The optical density ("OD") of a bacterial culture C^^. coli BL21 in chemically defined 

media, w/glucose) was monitored over a 13 hour growth period in a reaction site. Th^ 
results from this experiment are shown in Fig. 24, which illustrates the growth ofE. tooli 
BL2I at 30 °C and 37 °C in the reaction sites of the chip, ss monitored by a fiber optL c 
spectrometer. These data thus demonstrate the validity odf measuring cell growth by 

30 optically addressing reactions of the invention. 
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Example 15 

Fig. 25 is a perspective view of a planar solid substrate having a single rea-ction site 
(e.g., a chamber) and various channels. The planar saljstrate comprises two separately 
molded silicone sheets 605 and 615. In this embodiment, reaction site 610 and chLannels 

5 640 and 650 are formed by juxtaposing elements raolcaed into silicone sheets 605 :and 615. 
Chamber 610 in Fig. 25 includes a lower cell culture portion 620 and an upper 
reservoir portion 630. The lower cell culture portion 620 is in fluid communication with 
two lower portion channels 640 located at opposite comers of the lower cell cultuore portion 
620. The upper reservoir portion 630 is in fluid communication with two upper p ortion 

10 channels 650 located at opposite comers of the upper reservoir portion 630. The "cipper 
reservoir portion 630 and its associated upper portion channels 650 are molded ia-to upper 
silicone sheet 605, while the lower cell culture portico 620 and its associated lower portion 
channels 640 are molded into lower silicone sheet 615. The upper reservok portion 630 and 
the lower cell culture portion 620 are separated by a naembrane 655 that extends beyond 

15 chamber 6 1 0 between the upper silicone sheet 605 and the lower silicone sheet 615. The 
membrane, in this example, is substantially impenneable to mammalian cells, buti is 
permeable to protems, small molecules, and the like. Of course, in other embodiments, 
other impermeable or semipermeable membranes may be used, for example, a humidity 
control membrane. 

20 Each of the upper portion channels 650, in Fig. 25, ends at an upper portion port 665 

that passes completely through upper silicone sheet 6 15. This arrangement allow^s the upper 
portion port to be connected to additional channels, supply chambers, waste channbers, 
product chambers and the like that are connected at thie upper surface of the uppejr silicone 
sheet. Of course, access to the upper portion channel s can be provided in other w^ays. 

25 In Fig, 25, each of the lower portion channels 640 ends at a lower portion port 660 

that passes upward through the lower silicone sheet S 05. Each lower portion port 660 is 
aligned with an opening 670 in upper silicone sheet 5 15. This arrangement allovs^s access to 
each lower portion port through the upper silicone sh^et 615 and allows each low^er portion 
port to be connected to additional channels, supply chiambers, waste chambers, pr-bduct 

30 chambers and the like that are connected at the upper surface of the upper silicone sheet. Of 
course, access to the lower portion channels can be provided in other ways. 
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As noted above, the upper reservoir portion, of the chamber and its associated 
channels are molded directly into the upper silicone sheet while the lower cell culture 
portion of the chamber and its associated channels are separately molded into the lower 
silicone sheet Thus, prior to assembly of the apparatus as shown in Fig. 25^ each silicone 

5 sheet includes an open upper or lower portion of tixe chamber and several open channels. A 
completely enclosed Irwo-portion chamber and enclosed channels are formed by 
sandwiching a selectively permeable membrane between opposed upper and lower silicone 
sheets. In the embodiment of Fig. 25, the lower sil icone sheet serves to close the open 
upper portion channels and the upper portion silicon ne sheet serves to close ttie open lower 

10 portion channels. As shown in Fig. 25, the membrane can extend beyond th.e walls of the 
chamber so that it lies between the upper and lowei: silicone sheets. The two silicone sheets 
are held together using any convenient fixture. 

The silicone into which the portions of the chamber and channels aire molded is 
sufficiently gas permeable to provide adequate gas exchange for the growth of aerobic cells 

15 m the chamber of the device. 

Fig. 26 A is a plan view of the lower silicons sheet 605 showing the lower cell 
culture portion 620 of the chamber along with its associated channels 640 aod lower portion 
ports 660. The wall 6 80 of lower cell culture portion 620 lacks abrupt transitions and 
corners. This facilitates complete mixing and dispersion of material introduced into the 

20 lower cell culture portion. 

Fig. 26B is a cross-section of lower silicon© sheet 605 along A-A' in. Fig. 2. The 
base 690 of the lower cell culture portion 620 is substantially planar and perpendicular to 
the wall 680 of the lower cell culture portion 620. . In this embodiment, base 690 curves 
gently upward to meet the wall 680. This absence -of sharp comers, in this e:xample, 

25 facilitates complete mixing and dispersion of material in the lower cell cultiue portion 620. 

Fig. 26C is a plan view of upper silicone sh,eet 615 showing the upper reservoir 
portion 630 of the chamber along with its associate^d channels 650, both of which end at an 
upper portion port 665 that provides access througta the upper silicone sheet 615 to the 
upper portion channels. The wall 695 of upper reservoir portion 630 lacks aJbrupt transitions 

30 and comers in this example. This facilitates compLete mixing and dispersion of material 
introduced into the upper reservoir portion 630. In the assembled device, passages 670 hi 
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the upper silicone sheets 6 15 are aligned with the low^er portion ports the lower silicone 
sheet, allowing access to the lower portion channels tlirough the upper silicone sheet. 

Fig. 26D is a cross-section of upper silicone slieet 615 along B-B' in Fig. 26C. As 
can be seen in this view, passage 670 provides an opening through the upper silicone sheet 
5 615. This opening is aligned with one of the lower portion ports when the uppex silicone 
sheet and the lower silicone sheet are joined to form i complete chamber. Upper portion 
port 665 is molded into upper silicone sheet 615 and provides access to the upper portion 
cliannels. 

Fig. 26E is a perspective view of the upper reservoir portion of the chanxber along 
10 with associated channels. TThe upper reservoir portion 620 and associated channels 650 are 
inolded into an upper silicone sheet 615. The base 6Z 8 of the upper reservoir portion 620 is 
planar in this example. In this embodiment, the wall of the upper reservoir portion 61 8 is 
perpendicular to the base 628 of the upper portion. Tlie base 628 can curve gently upward 
to meet the wall 618 in order to facilitate mixmg and dispersion of material in thie upper 
15 portion. The upper portion ports 665 located at the enids of the chaimels 650 allow the 
introduction of material into the channels. The upper silicone sheet 615 includes two 
passages 670 that permit access to the lower portion ports when the upper silicone sheet and 
lower silicone sheet are joined to form a complete cha.mber. 

Example 16 

20 In this example, a device was fabricated using three layers. In this embo diment, the 

bottom layer is a solid slab. The middle layer has a n^embrane molded into it that separates 
an upper reservoir portion &om a lower cell culture portion, both of which are nxolded into 
the middle layer. The upper reservok portion and the upper portion microchann els are 
molded into the upper surface of the middle layer and. the lower cell culture portion and the 

25 lower portion microchanne Js are molded into the low&r surface of the middle layer. 
Openings passing through the middle layer permit ace- ess to the lower portion 
microchaimels. The top layer has four openings passing through it to serve as ports for the 
four microchannels. The top layer serves to seal the upper reservoir portion and its 
associated microchannels, vvhile allowing access to all ports. The bottom layer serves to 

30 seal the lower cell culture portion and its associated rm icrochannels. 
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Example 17 

In this prophetic example, a fluidic device of the in\rention is used to examiae the 
eiBFect of chemical agent A on fermentation of a bacterium. Twelve fluidics, each besaring a 
single chamber having a cell culture portion and reservoir portion are aligned in parallel. 
The fluidics are sterilized and sterile growth media is pumped into each cell culture portion 
through a fluid delivery system. The reservoir portions of six fluidics receive a measured 
aliquot of chemical agent A and growth medium through the fluid delivery system axid the 
remaining six receive growth medium only. Having six fluidics for each case providles a 
measure of redundancy for statistical purposes. The cell culture portion of each of tfcie 12 
fluidics is inoculated with a volxime of concentrated cells, thte volimie being about 1/^20 to 
1/10 thie volume of the cell culture portion. The growth of the microorganisms is monitored 
in each of the 12 fluidics by measuring pH, dissolved oxygeoi concentration, and celL density 
through the use of appropriate sensors m the fluidics. The fluidic heat exchangers, a<ldition 
of chemicals, and akflow rate, the fluidic can control tempeirature, pH, and dissolved 
oxygen concentration, respectively. When cells reach statiojaary phase, the average cell 
growth rate and average final cell concentration are computed for the six fluidics with 
chemical agent A and for the six fluidics without. By comparing these averages, che?mical 
agent A can be said to enhance cell growth, have no signifiicsnt effect, or hinder cell growth. 

Example 18 

In this prophetic example, a fluidic device of the invention is used to provide an 
envu-onment m which to grow cells or tissue that closely resembles that found in humans or 
mammals. With respect to drug screening, the fluidic device can monitor responses of cells 
to a drug candidate. These responses can includes increase or decrease in cell growtta rate, 
cell metabolic changes, cell physiological changes, or changes in uptake or release of 
biological molecules. With many fluidics operating m parallel, different cell lines caoi be 
tested along with screening multiple drug candidates or various drug combinations. By 
incorporating necessaiy electronics and software to monitor ^d control an array of fluidics, 
the screening process can be automated. 

Twenty fluidics each containing a single chamber divided into a cell culture portion 
and a reservoh portion are sterilized. Sterile animal cell culture media is pumped into the 
cell culture portion of each of the chambers through the fluid delivery system. Each fluidic 
is then inoculated with mammalian cells that are genetically engineered to produce a 
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therapeutic protein. The cells are allowed to grow to production stage all the while? their 
growth and environment is moaaitored by sensors in the iluidic. The fluidic, througrli control 
of temperature, pH, and air floAv rate, is able to matotain. an optimal environment for growth 
of the cells. Once at production stage, the fluidics are separated into four groups of five. 
5 Three of the four groups receive various cocktaUs of inducers for the therapeutic ptrotein 
while the fourth group serves a.s a control and thus receives no inducers. The inducers and 
control sample are introduced into the reservoir portions of chambers through the fluid 
delivery system. A marker chemical that binds with the therapeutic protein is introduced 
along with inducers. When the culture is irradiated with, light at a wavelength that excites 

10 the boimd marker chemical, the chemical then fluoresces, and the intensity of fluorescence 
is proportional to the concentration of therapeutic proteion in the culture. Both the ixradiated 
light and the fluorescent signal are passed through the detection window covering tlie fluidic 
chamber. The fluorescent sig^xal is picked up by a photodetector outside the fluidic 
Production of the therapeutic protem is monitored for each of the four groups, and at the end 

15 of production, average production rates and average total production can be compu-ted for 
each group. Comparison of production between the foux groups can then determine the 
effectiveness of the various inducers on protein production. 

Example 19 

hi this prophetic example, a fluidic device is used in an adsorption assay, for 
20 example, to model the adsorption of drugs and others agents in the gut. For example, the 
fluidic device can be provided with a chamber divided into two portions by a polycarbonate 
membrane having a 3.0, 2.0, or 1.0 micron pore size. Caco-2 (colon carcinoma cells) are 
grown on one surface of the membrane within a first portion of the chamber until ttiey are 
dififerentiated, A drug or other agent is introduced into the portion of the chamber 
25 containing the cells. Passage of the drug or other agents through the cell layer into a second 
portion of the chamber is monitored. 

A similar arrangement can be used for a cell migration assay. In such an assay, a 
membrane with a 5.0-12.0 micron pore size is used. 

Example 20 

30 Useful quantities of a large number of target proteins are produced as follows in this 

prophetic example. 
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A microfabricated bioreactor containing on& or more cell growth chambers is 
sterilized and sterile growth media is pumped into each growth chamber through a fluid 
delivery system. For convenience, the bioreactor can contain, for example, 96 cell growth 
chambers arranged in the same manner as the wells of a 96 well plate. Eachclxamber 
5 receives an aliquot of manunalian cells and an aliqaot of DNA encoding proteixis of interest 
ajnd, optionally, one or more selectable marks. The cells are transfected with thie added 
DNA by calcium phosphate transfection or some ottier technique. 

After transfection is complete, each chamber contains cells that express a different 
pxotein of interest. The cells are cultured so as to produce useful quantities of the proteins 
10 o jf interest which can then be harvested and analyzed or passed through microcliannels to be 
ajialyzed using the microreactor system described above. 

As an alternative, the cells can be transfected with the DNA molecules of interest 
prior to introduction into the growth chambers. 

Example 21 

15 Useful quantities of a large number of target proteins are produced as follows in this 

prophetic example. 

A microfabricated bioreactor containing one or more cell growth chamber is 
sterilized and sterile growth media is pumped into each growth chamber throug:h a fluid 
delivery system. Each chantiber receives an aliquot of mammalian cells and an aliquot of a 
20 mixture of DNA molecules encoding proteins of interest and, optionally, one orr more 
selectable markers. The cells are transfected with tixe added DNA by calcium phosphate 
transfection or some other technique. 

After transfection is complete, each chamber contains cells that express one or more 
of the different proteins of interest. The cells are cultured so as to produce usefiil quantities 
25 of the proteins of interest which can then be harvested and analyzed or passed tlirough 
microchannels to be analyzed using the microreactor system described above. 

Example 22 

In this prophetic example, useful quantities of a large number of target proteins are 
produced as follows. 

30 A microfabricated bioreactor is sterilized and sterile growth media is pujmped into 

e^ch growth chamber through a fluid delivery system. Each chamber receives an aliquot of 
mammalian cells. A different agent is added to each, chamber or each chamber is incubated 



i 
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under different conditions. As a result of the differing treatments, the cells iix each chamber 
potentially produce a di jSerent group of proteins. 

The cells are cultured so as to produce useful quantities of the proteins of interest 
which can then be harvested and analyzed or passed through microchannels to be analyzed 
using the raicroreactor system described above. 

Example 23 

In this prophetic example, useful quantities of a large number of targest proteins are 
produced as follows. 

A microfabricated bioreactor containing one or more cell growth chambers is 
sterilized and sterile groAvth media is pumped into each growth chamber thromxgh a fluid 
delivery system. Each chamber receives an aliquot of mammalian cells and an aliquot of 
DNA or a mixture of DlSfA molecules encoding proteins of interest and, optionally, one or 
more selectable ma±ers. The cells are transfected with the added DNA by calcium 
phosphate transfection or some other technique. 

After transfectioxi is complete, the cells in each chamber are geneticaLly mutated by 
the action of ionizing radiation, ultraviolet light, or other physical, chemical or biological 
mutagenesis agents. After genetic mutation, each, chamber contains cells tha* express one or 
more of the different proteins of interest at potentially diJBferent rates and under different 
gene expression profiles. The cells are cultured so as to produce useful quantities of the 
proteins of interest which can then be harvested and analyzed or passed throiigh 
microchannels to be analyzed using the microreactor system described above? . 

Example 24 

Useful quantities of a large number of target proteins can also be produced as 
follows in this prophetic example. 

A microfabricated bioreactor containing onie or more cell growth chambers is 
sterilized and sterile growth media is pumped into each growth chamber through a fluid 
delivery system. Each chamber receives an aliquot of bacterial or fungal cells and an 
aliquot of a mixture of DNA molecules encoding proteins of interest withm a. genetic vector. 

After genetic modification of the cells is c^omplete, each chamber coriLtains cells that 
express one or more of the different proteins of inLterest. The cells are cultured so as to 
produce usefiil quantities of the proteins of interest which can then be harves"ted and 
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analyzed or passed through microchannels to b e analyzed using the microre?actor system 
described above. 

Exam ple 25 

In this prophetic example, useful quantities of a large number of target proteins can 
5 also be produced as follows. 

A microfabricated bioreactor containing one or more cell growth chambers is 
sterilized and sterile growth media is pumped i3ito each growth chamber through a fluid 
delivery system. Each chamber is implanted with a tissue sample displaying a phenotype of 
interest. 

10 The tissue samples are incubated so as to produce useful quantities of the proteins of 

interest which can then be harvested and analyzed or passed through microchannels to be 
analyzed using the microreactor system described above. 

Example 26 

This example illustrates the constmctiom of certain embodiments of "the invention. 

15 Fig. 27A depicts a cross-sectional view of the cell growth chamber of a 

microfabricated bioreactor device useful in the methods of the invention. TJhe cell growth 
chamber 710 is a cylinder about 7 mm in diameter and about 0.1 mm in height having a 
total volume of 3.85 microliters. The chamber is fluidly connected to three microchannels. 
The first microchannel 720 is 0.4 mm wide by O.l mm deep and serves as a liquid inlet. 

20 The second microchannel 730 has similar dimension and serves as a liquid outlet. The third 
microchannel 740 is 0.2 ram wide by 0.1 mm deep. This microchannel can be used to 
introduce cells or any desired material into the <:hamber. The three microch.annels and the 
cell growth chamber are etched into a solid support material. 

Fig. 27B depicts a cross-sectional view of a gas headspace portion associated with a 

25 cell growth chamber. This allows a continuous, supply of air to pass throughi the 

microfabricated bioreactor. A cylindrical chamber 750 that is about 7 mni ixi diameter and 
about 0.05 mm in height is etched in glass along with a gas inlet microchannel 760 and gas 
outlet microchannel 770, both of which are about 0.05 mm wide by about 0-05 mm deep. 
The cylindrical chamber of the gas headspace portion is matched over the cell growth 

30 chamber. The two halves can then be bonded together so as to form a tight seal. 

To prevent the air flowing through the gas headspace from removing liquid in the 
cell growth chamber in this example, a membrane can be placed in so as to separate the gas 
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headspace from the liquid filled bioreactor. Tie membrane retards passage of water and 
allows for the passage of air. The various mic^rochannels are connected to supply units or 
waste units. These units as well as mixing devices, control valves, pumps, sensors, and 
monitoring devices can be integrated into tiie substrate in which the cell ^owth chamber is 
5 built or can be externally provided. The entire assembly can be placed alDove or below a 
heat exchanger (or sandwiched between two Ixeat exchangers) to control the temperature of 
the unit. 

The silicone into which the portions of the chamber and microchannels are molded, 
in this particular example, is sufficiently gas permeable to provide adeqixate gas exchange 
10 for the growth of aerobic cells in the chamber of the device. 

While several embodiments of the invention have been described and illustrated 
herein, those of ordinary skill in the art will r&adily envision a variety of other means and 
structures for performing the functions and/or obtaining the results or advantages described 

15 herein, and each of such variations or modifications is deemed to be withiin the scope of the 
present invention. More generally, those slcill^d in the art would readily appreciate that all 
parameters, dimensions, materials, and configurations described herein axe meant to be 
exemplary and that actual parameters, dimensions, materials, and configurations will 
depend upon specijQc applications for which the teachings of the present invention are used. 

20 . Those skilled in the art will recognize, or be afcle to ascertaui using no more than routine 
experimentation, many equivalents to the spec^ific embodiments of the in-vention described 
herein. It is, therefore, to be understood that ttie foregoing embodiments are presented by 
way of example only and that, within the scope of the appended claims aaid.equivalents 
thereto, the invention may be practiced otherw^ise than as specifically described. The 

25 present invention is directed to each individual feature, system, material and/or method 
described herein. In addition, any combinatioji of two or more such features, systems, 
materials and/or methods, if such features, sysi:ems, materials and/or methods are not 
mutually inconsistent, is included within the scope of the present invention. 

Li the claims (as well as in the specification above), all transitional phrases such as 

30 "comprising," "including," "carrying," "having," "containing," "involving," and the like are 
to be understood to be open-ended, i.e. to meaxi including but not limited to. Only the 
transitional phrases "consisting of and "consi sting essentially of shall be closed or semi- 
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closed transitional phrases, respectively, as set forth in the United States Patent Office 
Manual of Patent Examining Procedures, Section 21 1 1,03. 
What is claimed is: 
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CLAIMS 

1 . An apparatus, comprising: 

a. chip comprising a predetermined reaction site haviag a volume of less than 
5 about 1 ml; and 

an active control system able to control an enviromn&ntal factor associated 
with the chip in response to a signal indicative of a condition associated with the 
chip, so as to support a living ceil withm the predetermined reaction site. 

10 2. The apparatus of claun 1, the chip comprising a plurality of reactors, wherein one of 
the plurality of reactors comprises the predetermined reactioo site. 

3. The apparatus of claim 1, wherein the active control system is integrally connected 
to the chiip. 

15 

4. The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
less than about 500 microliters. 

5. The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
20 less than about 100 microliters. 

6. The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
less than about 10 microliters. 

25 7. The apparatus of claim 1, wherein the predetermined reaction site has a volume of 
less than about 1 microliter. 

8. The apparatus of claim 1, wherein the predetermined reaction site has a maximum 
dimension of less than about 1 cm. 

30 

9. The apparatus of claim 1, wherein the predetermined reaction site has a maximum 
dimension of less than about 1 inm. 
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10. The apparatus of claim 1, wherein the predetermined reaction site has a maximum 
dimensionof less than about 100 micrometers, 

5 11. The apparatus of claim 1 , wherein the predetermined reaction site has a maximum 
dimension of less than about 10 micrometers. 

12. The apparatus of claim I, wherein at least one surface of tiie predetermined reaction 
site comprises an inorganic material. 

10 

13. The apparatus of claim 12, wherein the inorganic material comprises a 
semiconductor. 

14. The apparatus of claun 12, wherein the morganic material comprises a metal. 

15 

15. The apparatus of claim 1, wherein the living cell is a mamonalian cell. 

1 6 . The apparatus of claim 1 , wherein the living cell is a bacterium. 
20 17. The apparatus of claim 1, wherein the cell is a plant cell. 

18. The apparatus of claun 1, wherein the living cell is part of^a tissue culture. 

19. The a.pparatus of claim 1, wherein at least one surface of tiie predetermkied reaction 
25 site comprises a polymer. 

20- The apparatus of claim 19, wherein the at least one surface consists essentially of the 
polymer. 

30 21, The apparatus of claim 19, wherein the polymer is selected from the group 
consisting of a silicone, a polycaxbonate, a polyethylene, a polypropylene, a 
polytetrafluoroethylene, a polyvinylidene chloride, a bis-benzocyclobutene, a 
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polystyrene, a polyacrylate, a polymethacrylate, a polyimide, and combinations 
thereof. 



22. The apparatus of claim 1, wherein the control system is able to control at least one 
environmental factor within the predetermined reaction site selected from the group 
consisting of: 

relative humidity, pH, 

molarity, a concentrationL of a dissolved gas, 

osmolarity, glucose concenitration, 

glutamine concentration., pyruvate concentration, 

apatite concentration, color, 

turbidity, viscosity, 

a concentration of an amino acid, a concentration, of a vitamin, 

a concentration of a hormone, serum concentration, 

a concentration of an ion, shear rate, 

degree of agitation, temperature, 

pressure, O2 concentration, 

CO2 concentration, 

and a concentration of axi oligopeptide. 

23 . ITie apparatus of claim 1, wherein the control system is able to control the 
temperature within the predetermined reaction site. 



24. The apparatus of claim 1, wherein the control system is able to control the pressure 
within the predetermined reaction site. 



25. An apparatus, comprising: 

a chip comprising a predetermined reaction site hLaving a volume of less than 
about 1 ml; and 

a control system able to control an environmental factor associated with the 
predetermined reaction site, the environmental factor bebng at least one of relative 
humidity, pH, dissolved O2 concentration, dissolved CO^ concentration, and 
concentration of a media component. 

26. The apparatus of claim 25, wherein the control system is integrally connected to the 
chip. 
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27. The apparatios of claim 25, wherein thes chip is constructed and arranged to maintain 
at least one living cell at the predetermined reaction site. 

28. The apparatus of claim 25, wherein th& media component is selected from the group 
consisting ojf a carbohydrate source, serum, a growth factor, an enzyme, a hormone, 
an amino acid, or an oligopeptide. 

29. The apparatus of claim 25, wherein th& carbohydrate source is glucose. 

30. The apparatus of claim 25, the chip comprising a plurality of reactors, wherein one 
of the plurality of reactors comprises thie predetermined reaction site. 

3 1 . The apparatus of claim 25, wherein the predetermined reaction si"te has a volume of 
less than about 500 microliters. 

32. The apparatus of claim 25, wherein at least one surface of the pre^ determined 
reaction site comprises an inorganic material. 

32. The apparatus of claim 25, wherein at l^ast one surface of the pre deteraiined 
reaction site comprises a polymer. 

33. The apparatus of claim 25, wherein the living cell is a mammalian cell. 

34. An apparatus, comprising: 

a chip comprising a predetemiined reaction site having a volume of less than 
about 1 ml; 

a sensor integrally connected to the chip, wherein the sensor is able to 
determine arx environmental factor associated with the predetermLned reaction site, 
the environmental factor being at least one of: 



pH, 

molaxity, 

glucose concentration, 
pyruvate concentration, 
color. 



a concentration of a disstolved gas, 
osmolarity, 

glutamine concentration 
apatite concentration, 
turbidity. 
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viscosity, 

a concentration of a vitamin, 
serum concentration, 
shear rate. 



a concentration of an amino acid, 
a concentration of a hoxmone, 
a concentration of an ion, 
and degree of agitatioa ; and 



35. 

10 

36. 
. 37. 

15 

38. 
39. 

20 40. 
41. 

25 

42. 
43. 



an actuator integrally connected to the chip able to alter the environmental 



The apparatus of claim 34, wherein the chip is constructed and arranged to maintain 
at least one living cell at the predetermined reaction site. 

The apparatus of claim 34, wherein the actuator is able to transp ort energy to the 
predetermined reaction site. 

The apparatus of claim 36, wherein the energy comprises thermal energy. 

The apparatus of claun 36, wherein the energy comprises sound energy. 

The apparatus of claim 36, wherein the energy comprises mechanical energy. 

The apparatus of claim 34, further comprising a processor able to determine a 
response for the actuator based on a measurement from the sensor.. 

The apparatus of claim 40, wherein the processor is integrally connected to the 
article. 

The apparatus of claim 40, wherein the processor comprises an electronic circuit. 

The ^paratus of claim 34, the chip comprising a plurality of reactors, wherein one 
of the plurality of reactors comprises the predetermined reactioii_ site 



factor. 



30 

44. 



The apparatus of claim 34, wherein the predetermined reaction site has a volume of 
less than about 500 microliters. 
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45- The apparatus of claim 34, wlierein at least one surface of the predetermined 
reaction site comprises an inorganic material. 

46. The apparatus of claim 34, wherein at least one surface of the predetermined 
reaction site comprises a polymer. 

47. The ^paratus of claim 34, wherein the living cell is a mammalian cell. 

48. The apparatus of claim 34, fuxther comprising a processor" able to receive a signal 
from the sensor and produce a. signal to the actuator. 

49. An apparatus, comprising: 

a chip comprising a predetermined reaction site having a volume of less than 
about 1 ml; 

a first sensor integrally connected to the chip, the first sensor able to 
determine at least one of temperature and pressure; 

a second sensor integrally connected to the chip, wherein the second senson 
is able to determine a second environmental factor, the second environmental factor 
being at least one of: 



an actuator integrally connected to tfie chip able to alter at least one of the 
temperature, the pressure, and the enviroimiental factor. 

50. The apparatus of claim 49, whierein the chip is constructed and arranged to maintaim 
at least one living cell at the pxedetermined reaction site. 



pH, 

molarity, 

glucose concentration^ 
pyruvate concentration, 
color, 
viscosity, 

a concentration of a viiamin, 
serum concentration, 
shear rate. 



a concentration of a dissolved gas, 
osmolarity, 

glutamme conceaitration, 
apatite concentration, 
turbidity, 

a concentration of an amino acid, 
a concentration of a hormone, 
a concentration of an ion, 
and degree of agitation; and 
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5 1 . An apparatus, comprising: 

a chip comprising a plurality of predetermined reaction sites each having a 
volume of less than about 1 ml; and 

a sensor able to determine an environmental factor associated with at least 
one of the predetermined reaction sites, the factor beimg at least one of: 



52. The apparatus of claim 5 1 , wherein the sensor is integrally connected to the ohyp. 

53. Xhe apparatus of claim 5 1 , further comprising a temperature sensor. 



54. Xhe apparatus of claim 5 1 , further comprising a pressiire sensor. 

55. The apparatus of claim 5 1, the chip comprising a plurality of reactors, wherein one 
of the plurality of reactors comprises the predetemiined reaction site. 

56. Xhe apparatus of claim 5 1 , wherein at least one predetermined reaction site has a 
volume of less than about 500 microliters, 

57. Xhe apparatus of claim 51, wherein at least one surface of at least one predetermined 
reaction site comprises an inorganic material. 

58. Xhe apparatus of claim 51, wherein at least one surface of at least one predetermined 
reaction site comprises a polymer. 

59. Xhe apparatus of claim 51, wherein the living cell is a mammalian cell. 



CO2 concentration, | 
glutamine concentration, i 
apatite concentration, s 
a concentration of a vitamin, £ 
and a concentration of a hormone. 



glucose concentration, 
pyruvate concentration, 
serum concentration, 
a concentration of an amino acid, 



60. 



Xhe apparatus of claim 5 1, further comprismg an actuator able to alter the 
environmental factor associated with at least one of the predetermined reaction sites. 



wo 2004/016727 



PCT/US2003/025956 



-99- 

61 - The apparatus of claim 60, further comprising a processor able to receive a signal 
from the sensor and produce a signal to the actuator. 

62. An apparatus, comprising: 

5 a chip comprising a predetermined reaction site having a volume of less than 

about 1 ml; and 

a control system able to produce a change in a first environmental factor 
associated with the predetermmed reaction site within 1 s of and responsive^ to a ' 
change in a second environmental factor associa.i:ed v/ith the predetermined reaction 
10 site. 

63 . The apparatus of claim 62, wherein the control s:ystem is integrally connected to the 
chip. 

15 64. The apparatus of claim 62, wherein the chip is constructed and arranged to maintam 
. at least one living cell at the predetermined reaction site. 

65 . The apparatus of claim 62, wherein the control s^^stem is able to produce a change in 
the first environmental factor within 100 ms of a. change in the second 

20 environmental factor. 

66. The apparatus of claim 62, wherem the control s^^stem is able to produce a ohange in 
the &st environmental factor within 10 ms of a ohange in the second enviroiunental 
factor. 



25 



67. The apparatus of claim 62, wherein the control s^^stem is able to produce a ohange in 
the jSrst envfa-onmental factor within 1 ms of a chiange in the second environjnental 
factor. 



30 68. 



The apparatus of claim 62, the chip comprising a- plurality of reactors, wherein one 
of the plurality of reactors comprises the predetermmed reaction site. 
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69. The apparatus of claim 62, wherein the predetermined reaction site ha^s a volume of 
less than about 5O0 microliters. 

70. The apparatus ojF claim 62, wherein at least one surface of the predeteirmined 
reaction site comprises an inorganic material, 

71. The apparatus of claim 62, wherein at least one surface of the predetermined . 
reaction site comprises a polymer. ' 

72. The apparatus of claim 62, wherein the living cell is a mammalian cell. 

73. An apparatus, comprising: 

a chip comprising a predetermined reaction site having a volume of less than 
about 1 ml; and 

an active control system able to control an enviroimient within, the 
predetermined reaction site so as to support a living cell for a period o f at least 1 
day, 

74. The apparatus of claim 73, wherein the conitrol system is integrally comnected to the 
chip. 

75. The apparatus of claim 73, wherein the chip is constructed and arranged to maintain 
at least one living cell at the predetermined reaction site. 
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